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CHAPTER I 
INTRODUCTION 
The microcirculation is an inaccessible segment of 
the vasculature because capillary pressure and capillary 
blood flow cannot be measured easily by direct techniques. 
Indirect techniques, such as tissue compression {Roy, 1879; 
Strax and DeGraf, 1931) and plethysmography (Barcroft and 
Edholm, 1943) introduce unavoidable errors due to the in-
clusion of all types of vasculature within the prepara-
tion. Pappenheimer and Soto-Rivera (1948) devised an in-
direct method to calculate mean capillary pressure in an 
isolated, perfused tissue preparation. Because it was ob-
tained under conditions of constant preparation weight, 
this capillary pressure was termed "isogravimetric capil-
lary pressure" (Pc.) • 
J_ 
This technique provided data which 
permitted the computation of the capillary pressure re-
quired to oppose the colloid osmotic pressure of the plasma 
proteins. Since Pci is the pressure required to oppose the 
colloid osmotic pressure of the plasma proteins, Pc· should 
J_ 
1 
remain constant, as long as the composition of the plasma 
remains unchanged.· However, data obtained in a previous 
study (Lund, 1969) revealed that the value of Pc· changed 
1 
with slight variations in the experimental procedure. 
The purpose of the present study was to examine 
systematically the effect of various procedures upon the 
computed Pei• Arterial and venous flow resistances also 
were computed. The results suggest that the value deter-
mined for Pei may be greatly influenced by the presence 
of active post-capillary smooth muscle. 
2 
CHAPTER II 
LITERATURE SURVEY 
A. Microcirculation Anatomy 
1. Fundamental Vascular Pattern 
The microcirculatory pattern of mesentery (Chambers 
and Zweifach, 1944), bat wing (Wiedeman, 1963), urinary 
bladder (Grafflin, 1953), and skeletal muscle (Zweifach, 
1955; Smaje et al., 1970) have been examined. Although 
each bed is somewhat unique, there exists a fundamental 
vascular pattern common to all areas. 
A diagrammatic arrangement according to Zweif ach 
(1949) is outlined in Figure 1. The microcirculation be-
gins at the precapillary arterioles, vessels approxi-
mately 20 to 30 microns in diameter. These vessels con-
sist of an endothelial tube invested by a single layer 
of smooth muscle. From such vessels arise the metarteri-
oles, tubes of endothelium surrounded by a single, dis-
continuous layer of smooth muscle cells. These vessels 
may continue directly to form true capillaries or they 
3 
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FIGURE 1 
DIAGRAMMATIC ARRANGEMENT OF THE MICROCIRCULATION 
ACCORDING TO ZWEIFACH (1949, 1957) 
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may give rise to preferential channels. The final subdi-
vision of the vascular apparatus is the true capillary, 
vessels devoid of smooth muscle except at their point of 
origin. This muscular origin has been called the precap-
illary sphincter. The coalescence of these vessels forms 
the collecting venules. 
The preferential or thoroughfare channel also must 
be mentioned since it is a morphologically and function-
ally distinct section of the microcirculation (Zweif ach, 
1955). These vessels are continuations of the metarte-
riole and continue to become the main collecting venules. 
These vessels also have a discontinuous coat of muscle 
in their initial segments, and this coat gradually dis-
appears as the channels become capillaries. The true 
capillaries join with the thoroughfare capillary to form 
collection venules. 
Zweifach (1937, 1949, 1955) differentiated between 
true capillaries and the non-muscular portions of pref-
erential channels. He called the non-muscular portions 
of preferential channels muscular capillaries, in spite 
of the absence of smooth muscle cells. Both vessels are 
made up of a single layer of endothelium, although mus-
cular capillaries are surrounded by a thick coat of con-
nective tissue. These vessels are similar in that both 
5 
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can function in the transcapillary exchange of fluids. 
However, muscular capillaries would, because of their 
thicker coat, normally contribute little to the net trans-
fer of fluids. According to Zweifach (1955), the main dis-
tinction between the two vessels is that muscular capil-
laries provide the most direct blood flow pattern from ar-
terioles to venules. True capillaries arise at right an-
gles, either from the metarteriole or the preferential 
channel, and the blood flow through these vessels is spor-
adic and variable in pattern. 
Direct microscopic examination of the microcircu-
lation of skeletal muscle has seldom been accomplished. 
The thick bundles of muscle tissue do not readily permit 
such examination. The anatomical arrangement of blood 
vessels, particularly in man, has been studied by the in-
jection of radiopaque substances and the radiographic 
analysis of the dissected muscle segments (Campbell and 
Pennefather, 1918). The arterial and venous blood ves-
sels associated with a muscle mass enter at the natural 
cleavage planes. Each mass is surrounded by a network 
of vessels, in which the arteries and veins intercon-
nect freely. Muscle fibers are supplied with blood by 
the branching of metarterioles into the capillaries which 
run parallel to, and between, the muscle fibers. The 
vascular pattern has not been described beyond this level 
of detail. 
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Zweifach (1955) used rat spinotrapezius muscle in 
order to perform a microscopic examination of skeletal 
muscle. The spinotrapesius muscle is a flat, thin, back 
muscle, which lends itself to such studies. More re-
cently Grant (1964), Majno et al. (1967), and Smaje et al. 
(1970) have focused attention upon rat and rabbit cre-
master muscle. This is a laminar, bag-shaped extension 
of the internal oblique muscle. Similar to the spino-
trapizius muscle, the cremaster muscle is also suitable 
for microscopic examination. The microcirculation pat-
tern as described for these muscles contained all the 
elements as arranged in Figure 1 with one exception. 
There existed extensive cross connections between small 
arteries and especially between arterioles to form a 
series of arcades. This arrangement is not unique and 
has been described previously by Bloomfield (1945) for 
a muscle which receives its blood from only one source, 
entering at the end of the muscle, e.g., the gastrocne-
mius. Nicoll and Webb (1946) and Wiedeman (1963) also 
described the arteriolar arcade as a prominent feature 
of the vasculature in the wing of the conunon brown bat. 
Such an arrangement is advantageous since it is almost 
8 
impossible for a capillary network to be isolated from the 
main blood supply unless an obstruction occurs in the main 
artery. In vascular beds containing a series of arcades, 
the capillary bed is fed by metarterioles which come off 
at right angles from the arteriolar arcade. 
2. Specialized Shunt Mechanisms 
There exists within the circulatory system sev-
eral mechanisms for shortcircuiting the blood supply from 
one area to another. According to Boyd (1952) these me-
chanisms can be classified as (1) arterio-venous anasto-
moses, (2) specialized muscular apparatus in the walls 
of blood vessels, and (3) preferential channels. 
The first, an arterio-venous anastomosis is a 
short vessel with well-developed muscular elements. It 
connects arteries and veins without the intermediation 
of capillaries (Grant, 1930; Zweifach, 1949; Walder, 
1952). Clark, who reviewed the literature in 1938, 
stated arterio-venous anastomoses normally are found in 
parts of animals most frequently subjected to mechanical 
and thermal irritation. These types of stimuli produced 
local dilatations of arteries and arterioles in areas 
such as claws and hooves of animals (Grant and Bland, 
1931), tips of tails, beaks of birds, and ears of such 
animals as rabbits. Arterio-venous shunts functioned 
9 
primarily for temperature regulation in the rabbit (Grant, 
1930; Grant, Bland, and Camp, 1932; Majno ~al., 1967). 
In man, these shunts are best found in the dermis of the 
skin (Grant and Bland, 1931) where they join small arter-
ies to small veins or arterioles with venules. 
The distribution of vascular shunts is not limited 
to the skin in man. They can be found in a wide range of 
tissues, including the intestinal tract, glands, liver, 
genital system, and kidney (Boyd, 1952), but not in skel-
etal muscle (Grant, 1964; Smaje ~al., 1970). The 
studies of Barlow et al. (1960) and Renkin et al. (1966) 
did not support the presence of arterio-venous shunts 
in skeletal muscle. Instead, they suggested that a dual, 
parallel circulatory system existed within skeletal mus-
eel. One system is a rapidly circulating circuit con-
cerned with the nutrition of muscle fibers, and the se-
cond system is a slowly circulating circuit associated 
with connective tissue. 
Boyd's second classification, the specialized mus-
cular apparatus found in the walls of blood vessels will 
not be discussed extensively. These are, for example, 
sphincters found in the hepatic veins of the dog, con-
cerned with the regional distribution of blood to that 
area. 
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Boyd's third classification, arterio-venous capil-
laries or preferential channels, have been described for 
the cat mesoappendix by Zweifach (1940) and ·chambers and 
zweifach (1944). Preferential channels previously had 
been described as an extension of a metarteriole devoid 
of smooth muscle. Zweifach (1955) noted that these ves-
sels also were present in rat skeletal muscle and were 
distributed predominately along the free margins of the 
muscle. During periods of reduced blood flow, the cir-
culation persisted through the preferential channel, 
while the interior of muscle, fed by capillary vessels, 
became ischemic. Smaje ~ al. (1970) noted that occa-
sional capillary thoroughfare channels were present in 
rat cremaster muscle. Intaglietta and Zweifach (1971) 
stated that these vessels contributed little hydraulic 
hindrance to the total network of microvessels. 
B. Capillary Pressure Measurement 
1. Direct Methods 
Capillary blood pressure has been measured directly 
and indirectly. The direct method is very similar to the 
technique used to measure arterial or venous pressure in 
a large vessel. Minute cannulae are inserted into a sin-
gle capillary vessel and then the pipettes are connected 
to a water manometer. Carrier and Redberg (1923) were 
11 
the first to attempt such measurements. Their studies 
were conducted using human subjects, where the only readi-
ly accessible capillary bed is found in the nail fold. 
They inserted a micro-pipette with a tip diameter of ap-
proximately 20 microns. The pressures recorded ranged 
between 3 and 5 mm Hg. These low pressures do not repre-
sent the pressure within a capillary vessel. Carrier and 
Redberg measured the pressure required to draw blood in-
to the micro-pipette and these pressures are approximate-
ly 5 to 10 mm Hg lower than capillary pressure, due to 
the resistance offered by the glass pipette. Further-
more, their pipette size limited them to measuring pres-
sures in venous loops found in the nail bed. 
Landis (1926) succeeded in drawing out a finer 
glass pipette with a tip diameter "1/6 to 1/3 the length 
of a frog's red corpuscles, i.e. from 4 to 8 microns." 
The average pressure he measured in the human nail bed 
was 20 mm Hg with a range of 17 to 37 mm Hg. Landis 
obtained these higher recordings by balancing the pres-
sure in the capillary vessel with the fluid in the manom-
eter. In 1960, MacLeod utilized Landis' method in order 
to measure capillary pressure in edematous patients. The 
control pressure values obtained by direct micropuncture 
of a single capillary loop in the skin of the nail fold 
12 
averaged 22 nun Hg, with a range of 16 to 27 nun Hg. 
Wiederhielm (1963) obtained a direct recording of 
capillary pressure in the micro-vessels found in the frog 
web. An ultra thin micro-electrode, the tip diameter of 
which was 1 to 5 microns, was filled with a solution that 
was hypertonic with respect to body fluids. These elec-
trodes were inserted into vessels located in an area mag-
nified with a microscope. The body fluids entered into 
the tip, diluting the hypertonic solution, and this was 
recorded as a change in the electrode's electrical re-
sistance. A servo system sensed the resistance change, 
forced the diluted solution out and recorded the pres-
sure required to maintain the original electrical re-
sistance within the tip. This system, therefore, pro-
vided an indication of the pressure within the capil-
lary vessel. 
Smaje et al. (1970) measured pressures directly 
in primary arterioles and venules of the rat cremaster. 
Similarly, Richardson et al. (1971) made simultaneous 
pressure and flow velocity measurements in the microves-
sels of dog and cat omentum. These investigators uti-
lized a micropuncture technique similar to that des-
cribed by Wiederhielm et al. (1964). The mean pressure 
recorded by Smaje et al. in precapillary arterioles was 
13 
34 cm H2o and the mean pressure in venules was 15 cm H2o. 
on the basis of these data they estimated a mean capil-
lary pressure of 22 to 24 cm H20, i.e. 16 to 18 mm Hg. 
A similar pressure gradient was recorded for arterioles 
and venules in the capillary bed of rat omentum. The 
average pressure drop across the capillary network prop-
er was 8 to 10 cm H20, while single capillaries exhibited 
a pressure drop of 1 to 1.5 cm H20• 
Outside of these few instances, direct measure-
ments of capillary pressure has not been reported. For 
one, the pressure between two individual capillary ves-
sels, in close proximity to one another can vary greatly 
(Landis, 1934}. Periodic alterations in arteriolar re-
sistance results in a continual change in the presssure 
in an individual capillary (Johnson, 1966}. In both 
man and animals, there are relatively few microcircu-
latory segments that permit direct cannulation. Thus, 
technical difficulty and fluctuations in precapillary 
sphincter activity make direct capillary pressure mea-
surements difficult and impossible to assess the overall 
status of capillaries in a thick tissue. 
2. Indirect Methods 
Between 1875 and 1924, many attempts were made to 
measure capillary pressure in man by indirect methods. 
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These methods were all basically similar in that they con-
sisted of the application of graded pressure upon a tis-
sue by means of a transparent rigid plate (Roy, 1879; 
Strax and De Graf, 1931) or by means of a rubber sheet 
surrounding and compressing the tissue under study (Danzer 
and Hooker, 1920). The indirect method for determining 
capillary pressure results in a determination of a mean 
pressure value because it is based upon the entire capil-
lary bed under observation. 
In a review, Landis (1934) listed the mean capil-
lary pressures determined by the indirect method as re-
ported by various investigators. Mean capillary pres-
sure ranged from 5 to 45 mm Hg. This wide range is due 
to the variable criteria taken by each investigator to 
indicate the state of balance. The average normal val-
ues varied so widely for a single tissue that it was 
impossible to draw any definite conclusions, especially 
concerning the relationship between capillary pressure 
and the colloid osmotic pressure of the plasma proteins. 
A second indirect method for measuring mean capil-
lary pressure is the isogravimetric technique developed 
by Pappenheimer and Soto-Rivera (1948). The technique 
consists in the lowering of inf low arterial pressure 
while raising the outflow venous pressure in order to 
produce a constant preparation weight. Ultimately, a 
point is reached where arterial pressure equals venous 
pressure and flow is zero; the pressure throughout the 
system is the same. This pressure is called the isogra-
vimetric capillary pressure (Pc.) • i However, the isogra-
vimetric capillary pressure determined by the isogravi-
metric technique is not the same pressure as that which 
exists under normal in vivo conditions where arterial 
--
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pressure is normally high and venous pressure is normally 
low. Isogravimetric capillary pressure is the pressure 
required to oppose the colloid osmotic pressure gener-
ated by the plasma proteins. 
In order to localize the site of autoregulation 
within the intestine, Johnson and Hansen (1962) used 
the same technique. This technique was well suited for 
their purpose since it permitted the separate estima-
tion of arterial and venous resistance. During later 
studies on mean capillary pressure and venous resist-
ance in the intestine (Johnson, 1965) and skeletal mus-
cle {Thelesius and Johnson, 1966), the procedure was 
modified to utilize one major arterial pressure drop 
and one major venous pressure increase to produce zero 
flow. This procedure was used to determine the iso-
gravimetric capillary pressure. 
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Recently, Fronek (1971) introduced another method 
£or measuring capillary pressure. This technique moni-
tored the balance between filtration and absorption by 
recording the electrical resistance of the effluent blood. 
This method was used to compute the pressure that would 
be equal and opposite to the colloid osmotic pressure of 
the plasma proteins. Net filtration produced an increase 
in electrical resistance and net absorption produced a 
decrease in recorded resistance. Fifteen hindlimb prep-
arations, used to perform 50 isoconductometric estima-
tions of capillary pressure, 50 isogravimetric estima-
tions of capillary pressure and 23 zero flow estimations 
of capillary pressure provided capillary pressure values 
that averaged 25.5 :!:. 7.7 mm Hg, 24.4 + 7.2 mm Hg and 
23.3 + 5.6 mm Hg respectively. These data were not sta-
tistically different from one another. 
C. Capillary Filtration Measurement 
1. Plethysmograph 
Blood vessels are distensible cylinders. The vol-
ume of blood vessels varies with the amount of blood con-
tained within the intravascular space, and any change in 
vascular volume will be reflected by a change in the total 
volume of the organ under study. Lewis and Grant (1925) 
were the first to employ plethysmographic techniques to 
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study limb volume changes. They enclosed a human forearm 
within a glass cone. The cone was closed at each end by 
rubber tubing and was filled with water. Records were 
taken of the movements of the water miniscus in the out-
let tube by means of the transmission of air to a bellow 
recorder. Barcroft and Edholm (1943) carried the analy-
sis one step further. They performed similar experiments 
but measured the volume changes of the fluid within the 
cone to indicate blood flow in human forearm. According 
to their method, a cuff was applied to the upper arm in 
order to impede venous drainage. The venous cuff was 
inflated and the resulting slope of the limb volume curve 
was used to calculate the rate of arterial inflow. The 
volume change continued for approximately fifteen sec-
onds. They explained this as an accumulation of blood, 
mainly in the venous vessels. However, when the venous 
pressure rose to equal the occluding pressure applied 
to the forearm, the veins began to empty; outflow again 
equaled inflow, and the volume of the arm remained con-
stant, except for a slow increase in volume due to the 
filtration of water into the interstitial space. This 
continuous increase in volume lasted many minutes. 
McMichael and Morris (1936) calculated the rate of out- · 
ward capillary filtration from this "filtration slope." 
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Two problems are involved in the measurement of 
capillary filtration in a congested limb. These are (1) 
unknown resting capillary pressure, and (2) unknown ve-
nous congestion pressure. Actual venous congestion pres-
sure differs from cuff pressure because of the loss of 
pressure energy between the cuff and the tissue. To cir-
cumvent these problems, Celander and Marild (1962) mea-
sured the rates of filtration at 20 and 40 mm Hg cuff 
pressures. They correlated the difference in filtration 
rates at these cuff pressures with the difference of ve-
nous outflow pressures produced by cuff pressures of 20 
and 40 mm Hg. The difference between the filtration 
rate at 20 mm Hg and 40 mm Hg was used to calculate the 
rate of filtration. They assumed that 80% of the ve-
nous pressure increase was transferred back to the ca-
pillaries. Thus, the application of a 20 mm Hg venous 
cuff pressure increase produced a rise of approximately 
16 mm Hg capillary pressure. The mean rate of filtra-
tion in calf muscles of a newborn child, after a conges-
tion period of 5 minutes, was 0.011 + .004 ml/min/100 ml/ 
mm Hg. 
The fluctuations in vasomotor tone may produce 
variations in arm vascular volume. These changes in vol-
ume obscures the recording of the filtration slope. In 
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order to avoid these problems, Krogh et al. (1932) de-
veloped the pressure plethysmograph in order to study f il-
tra tion rates. By this method, the blood vessels were 
temporarily emptied by external pressure before and after 
a period of venous congestion. Quantitative studies of 
filtration were performed by determining the change in 
volume of the tissues and the extravascular fluid, but 
not the contents of the blood vessels. Krogh et al. 
(1932) demonstrated that venous occlusion pressures 
above 17 cm of water resulted in an exchange of fluid 
that was directly proportional to the increase in venous 
pressure. In the light of the work done by Krogh et al., 
Celander and Marild's filtration rate measurement may re-
present a constant because they measured a filtration 
rate above 17 cm of cuff pressures (at 20 and 40 mm Hg), 
and were able to express the rate per mm Hg pressure 
applied. 
Krogh, who worked with Landis and Gibbon in 1932, 
measured a filtration rate of .0055 cc/min/100 cc/cm of 
water pressure for a 10 minute congestion period. Landis 
and Gibbon (1933) continued to use the congestion tech-
nique with some variations included to improve the appa-
ratus. For periods of congestion between 15 to 30 min-
utes, the filtration rate was measured to be .0028 cc/ 
20 
min/100 cc of forearm. They showed that the rate of fil-
tration produced by any venous pressure decreased rapidly 
as fluids accumulated in the tissue spaces over the 30 
minute period. This explained the greater rate of fil-
tration previously obtained by Krogh, Landis and Gibbon 
(1932). 
2. Weight Recordings 
Danielli {1940), during his study of capillary per-
meability and edema formation, was the first to measure 
periodically the weight of a preparation during a perfu-
sion experiment. He used weight change to quantitate 
changes in extravascular volume. Hyman and Chambers 
{1943) placed their muscle preparation on balance in or-
der to measure continuously the gain or loss of weight. 
However, their sensitivity level was low, i.e. a one gram 
change in weight of the preparation corresponded to a dis-
placement of about 10 mm on the kymograph recording. 
Pappenheimer and Soto-Rivera (1948) electrically amplified 
the sensitivity of the system so that one gram change in 
weight produced a deflection of 20 to 30 mm on their re-
cording apparatus. 
However, weighing devices only can reflect changes 
in total tissue volume. Pappenheimer and Soto-Rivera 
(1948) and Johnson (1959; 1960) both agreed that the 
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weight change that is recorded is the sum of the increases 
in intravascular blood volume and extravascular fluid vol-
ume. Since the rate of weight change appeared constant 
after the first minute, it was assumed that this continu-
ous but slow change represented interstitial fluid accu-
mulation, and that the rapid initial change represented 
an alteration in blood volume. 
In 1962, Johnson and Hanson collected venous blood 
samples from sections of isolated perfused intestine. 
These samples were drawn at various intervals during the 
course of one weight change and were analyzed for changes 
in plasma protein concentration. Capillary filtration 
rate calculated from the rate of plasma flow and the 
change in protein concentration corresponded to the ca-
pillary filtration rate as determined by weight changes 
during the slow change phase. Mellander (1960) obtained 
similar findings for the hindlimb of the cat. 
Baker and O'Brien (1964) observed that the weight 
changes produced by an alteration in pressure occurred 
in three components: (1) a rapid increase in weight 
beginning with the increase in flow and lasting about 
7 seconds, (2) a moderate increase in weight starting 
after 7 seconds and lasting up till 38 seconds, and (3) 
a gradual increase in weight continuing beyond the 38 
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second time period. Baker and O'Brien attributed the 
rapid weight increase, seen in the first interval, large-
ly to intravascular volume changes, while the gradual but 
constant weight increase, seen in the third interval, was 
attributed wholly to the change of extravascular volume. 
The moderate weight increase, seen in the second inter-
val, was thought to be a transition period which in-
eluded changes in both intravascular and extravascular 
volumes. 
In an attempt to quantitate the relationship be-
tween capillary pressure, capillary filtration rate, 
and effective protein osmotic pressure, Pappenheimer 
and Soto-Rivera (1948) coupled the technique of weighing 
the preparation with a technique they termed the isogra-
vimetric method. This ingeneous procedure consisted in 
the lowering of arterial pressure in steps of 15 to 20 
mm Hg and elevating venous pressure sufficient to es-
tablish a constant weight (the isogravimetric state) 
within the perfused, isolated cat hindlimb. The ve-
nous pressure required to oppose net reabsorption of 
fluid between the plasma and tissue, determined at zero 
flow, was termed the isogravimetric capillary pressure. 
Ultimately, by using a simple mathematical analysis, it 
was possible to estimate mean capillary pressure. 
o. Transcapillary Fluid Exchange 
1. Classic Concept 
The classic concept of capillary fluid balance is 
based upon the works of Starling and Landis. In 1896, 
starling described the importance of the osmotic pres-
sure of plasma proteins. This osmotic pressure had been 
considered insignificant with respect to the much higher 
osmotic pressures measured for salts and other crystal-
loids found in plasma. However, Starling believed that 
the capillaries of the limbs and connective tissue were 
impermeable to the plasma proteins, but were permeable 
to the salts. In vitro studies were conducted to mea-
sure the osmotic pressures that serum proteins exerted 
across a semipermeable membrane. These studies demon-
strated that serum proteins exerted an osmotic pressure 
of 30 to 40 mm Hg, a pressure which was comparable to 
the prevailing estimate of capillary hydrostic pressure. 
Thus, Starling hypothesized that capillary hydrostic 
pressure determined the net filtration of fluids and 
that osmotic pressure of serum proteins determined the 
net absorption of fluids. 
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Thirty years later, Landis (1926) directly mea-
sured the pressure within single capillary loops at the 
base of the human finger nail. The average blood pressure 
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. was 32 mm Hg in the arterial limb, 12 mm Hg in the venous 
limb and 20 mm Hg in the peak of the capillary loop. 
More recently with the availability of membrane 
osmometers, accurate information is available on the 
plasma colloid osmotic pressure for man, cat and dog. 
In man, the values for plasma colloid osmotic pressure 
ranged between 24 and 28 mm Hg with a mean value of 25 
mm Hg (Hansen, 1961). These values exhibit variability 
related to sex, age, diet, posture, and medical history 
(Ladesgaard-Pederson, 1967). In 1971, Zweifach and 
Intaglietta conduced a comparative study of plasma col-
loid osmotic pressure among different species. Labora-
tory dog blood samples averaged 27.7 ~ 2.4 cm H2o (20.4 
mm Hg ~ 1. 8). 
The agreement between the independent measure-
ments of osmotic pressure values and capillary pressure 
values provide substantial evidence supporting Starling's 
hypotheses of capillary fluid balance. 
2. Current Theories 
Current views of capillary water balance may be 
summarized by the following equation: 
where F = net filtration 
K = filtration coefficient 
A = capillary surf ace area 
Pc= capillary hydrostatic pressure 
TI = osmotic pressure of serum proteins p 
Pt = tissue hydrostatic pressure 
TIT = osmotic pressure of tissue proteins 
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In general, normal tissue hydrostatic pressure and 
normal tissue osmotic pressure are presumed to be of lit-
tle importance concerning the transfer of transcapillary 
fluid. Similarly, they are normally assigned low but 
equal values; the net effect of tissue hydrostatic pres-
sure and tissue osmotic pressure is zero mm Hg. Thus, 
net filtration is based primarily upon the balance be-
tween blood hydrostatic pressure and blood osmotic 
pressure. 
Recently, Wiederhielm (1965; 1967; 1968) objected 
to this oversimplification. Experimental data frequently 
cannot be explained by this expression for fluid trans-
fer. Equilibrium of fluid exchange in the traditional 
model as expressed above implies three assumptions: 
(a) that the permeability to water and solutes 
is uniform throughout the capillary, 
(b) that the surface area of the arteri~l and 
venous ends of the capillary network are identical, 
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(c) that the hydrostatic and colloid osmotic pres-
sures of tissue fluids are negligible compared to the 
corresponding blood values. 
a. Permeability 
Early studies by Rous et al. (1930) indicated that 
slowly diffusable, water soluble dyes escape from the 
microcirculation along a gradient of increasing permea-
bility. Escape of dyes was more rapid from the venous 
capillaries and venules than the smallest arterioles. 
This permeability gradient was observed along vessels 
supplying skeletal muscles and skin. 
Landis (1964) showed that albumin tagged with 
T-1824 escaped through areas he termed "spotty leaks," 
primarily located in venous capillaries and venules. 
Photomicrographs of the passage of patent blue V, a-
nether water soluble dye, also revealed an initial 
spotty escape which tended to become confluent towards 
the venous section of the microcirculation. Landis, 
therefore, denied the concept of a generalized increase 
in basic permeability. Instead he suggested an increase 
frequency of "fenestellae" (little windows) with the 
greatest number located in the venous capillaries and 
venules. 
In contrast to these visual methods for determining 
vascular permeability, Niederhielm (1966) measured fil-
tration rates in capillary segments by means of an indi-
rect densitometric technique. A 3% solution of plasma 
tagged with Evans blue dye was infused into an artery 
supplying a microscopically-observed capillary field. 
The capillary section was occluded with a glass pipette. 
Filtration of water from the capillary lumen led to a 
progressive increase in concentration of the albumin 
solution and in the optical density of the Evans blue 
dye. The average relative filtration coefficient was 
0.10 for arterial capillaries, 0.10 for mid-capillaries, 
and 0.12 for venules. However, venous capillaries ex-
hibited a filtration coefficient of 0.20. This value 
indicates that the venous wall is about twice as per-
meable to water as the other segments. On the basis 
of the ratio of arterial-to-venous filtration rates, 
Wiederhielm computed that the arterial end of the ca-
pillary was only 62% as permeable to water as was the 
venous end. 
Intaglietta (1967) evaluated the permeability 
differences of arterial and venous segments of amphi-
bian capillaries. He also found the permeability of 
venous capillaries to be 60% higher than arterial ca-
pillaries. Zweifach and Intaglietta (1968) reported 
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a four fold greater permeability of single capillaries 
towards the venous end of the bed than of those toward 
the arterial end in rabbit omentum. 
Wiederhielm {1968) concluded that on the basis 
of permeability alone, it is impossible to state that 
the microcirculation represents a balanced system for 
the filtration and reabsorption of fluids. In fact, 
permeability studies would suggest that the microvascu-
lature favors the reabsorption of fluids. 
b. Surface area 
Several investigators have attempted to measure 
the surface area of venules and capillaries. Early 
data by Wetzel and Zotterman (1926) for vessels of the 
head, knuckles, arm, cheek, earlobe, and circumoral skin 
indicated that the average surf ace area of the plexus of 
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venules in all these areas was twice that of capillaries. 
In a more recent study, Davis and Lawler (1958) measured 
the diameter of the arterial and venous end of the capil-
lary loops found in skin. The venous end of the capil-
lary loop was .013 mm to .020 mm in diameter as opposed 
to the .010 to .013 mm diameter for the arterial end of 
the loop. In one assumes an average capillary length 
for all vessels studied, then the venular surface area 
is substantially greater than the capillary surface area. 
Mary Wiedeman (1963) measured dimensions of blood 
vessels from the distributing artery to the capillary 
veins in the bat wing. According to her calculations, 
the surface area of the post-capillary venule (non-mus-
cular venule) is six times as great as the capillary. 
The arterioles and venules had equivalent surface areas, 
but their area was approximately twice that of the true 
capillaries. 
The cremaster muscles of the rat has been studied 
as a model of the microcirculation in skeletal muscle. 
The architecture of the vascular bed in this muscle does 
not show the extensive post-capillary, venular drainage 
described by Wiedeman for the bat wing. The venules 
are 55% the length of the capillaries (Smaje et al., 
1970), yet the venules provide a surface area for ex-
change that is 120% that of the capillaries. 
In 1971, Intaglietta and Zweifach reported di-
rect measurements of surf ace area of the microvessels 
of rabbit omentum. The principal feature of this bed 
was a uniform distribution of surf ace area and volume 
from 20 µ arterioles to 25 µ venules. However, the 
authors felt that the uniform distribution of surface 
area was quite significant in terms of the probable ex-
istence of a permeability gradient. They stated that 
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"minute shifts in venous pressure will have profound ef-
fects on the fluid homeostatic balance of the tissue." 
On the basis of surf ace area data obtained by di-
rect measurements of single capillaries, the relatively 
larger surface area of venous capillaries in skin, bat 
wing and skeletal muscle suggests that these segments 
of the microvasculature tend to favor reabsorption. On 
the other hand, these studies do not necessarily reveal 
the comparative surface areas available in the intact 
animal or during perfusion studies. For example, the 
surface area in volved in fluid exchange during iso-
gravimetric experiments is largely unknown (Smaje ~ al., 
(1970). 
c~ Tissue hydrostatic and colloid osmotic pressure 
Generally it is believed that the protein concen-
tration of tissue fluid is not identical with that of 
lymph, as originally expressed by Starling (1896). For 
example, Landis (1933} estimated the capillary filtrate 
in the human forearm during venous congestion to obtain 
0.3 ~ .3% protein. White et al. (1933} measured a 0.2% 
concentration of protein in lymph coming from a dog's 
leg during venous congestion. These values are con-
siderably less than the 1.9 ~ .2% protein concentration 
of lymph obtained during massage of a resting dog's leg 
(Field et al., 1934). 
A better estimate of interstitial fluid protein 
concentration was obtained utilizing tracer technique 
(Wasserman and Mayerson, 1951; Abdaw et al., 1952; 
Takeda, 1964). Tagged plasma proteins were equili-
brated with the extravascular protein pool in order to 
estimate the distribution of proteins between the cir-
culation and extravascular spaces. Such studies indi-
cated that approximately 50% of the plasma proteins 
were located in the extravascular spaces. Since the 
extravascular space is estimated to be about 3.3 times 
as large as the plasma volume, the estimated tissue 
fluid protein concentration equalled 2.1%. A protein 
concentration of 2.1% would produce an osmotic pres-
sure of 5 mm Hg. 
Pappenheimer and Soto-Rivera (1948) estimated 
the average concentration of protein bathing the ex-
ternal capillary surf ace of the perfused limgs of dogs 
and cats to be 0.7 + 0.2%. This protein concentration 
was equivalent to an osmotic pressure of 1.4 + 0.4 
mm Hg. The estimate was based upon the differences 
between the effective osmotic pressure of plasma pro-
teins within the capillaries versus the osmotic pres-
sure of the plasma proteins as measured with a collodion 
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membrane in vitro. 
The most striking disagreement with these pub-
lished values was obtained by Wiederhielm (1966) in 
his studies on fluid balance simulated with an analogue 
computer program. The average normal osmotic pressure 
of tissue fluid was 10 mm Hg, which corresponds to a 
protein concentration of 3.5%. Justification for this 
high value was provided by the explanation that total 
plasma protein space is not identical with total inter-
stitial space. The difference is attributed to the 
physical and chemical properties of ground substance 
which occupies a substantial portion of the intersti-
tial space. The presence of mucopolysaccharides form-
ing a tight meshwork, would exclude proteins yet be 
freely permeable to smaller molecules such as water. 
If protein molecules are restricted to a free fluid 
phase, they would exert a higher osmotic pressure than 
if the bound fluid areas also were available for dilu-
tion. 
Radioisotope studies indicate that the average 
protein concentration in interstitial fluid is not 
negligible. However, studies estimating average inter-
stitial protein concentration do no measure the actual 
tissue oncotic pressure exerted across the capillary 
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wall. It is highly unlikely that the protein concentra-
tion of tissue fluid at any time is uniform within the 
interstitial space. Filtration across the. arterial ves-
sels, reabsorption across the venous vessels, protein 
leakage, lymph drainage, and regional differences in 
capillary permeability all contribute to a changing tis-
sue oncotic pressure throughout the microvasculature tis-
sue spaces. Even if all such processes were held con-
stant, approximately 20 minutes would be required to 
reach a 90% equilization of protein concentration over . 
a distance of 50 microns (Pappenheimer and Soto-Rivera, 
1948). Thus, the question of true tissue oncotic pres-
sure is undecided and when necessary, must be estimated 
with respect to the physiological conditions. 
In 1946, McMasters et al. utilized a micropunc-
ture technique to measure tissue pressure. The method 
yielded values of 1 to 5 mm Hg. Wiederhielm et al. 
(1964} repeated these studies using an ultra-micro-
scopic glass micropipette with a tip diameter of 1 mi-
cron. This study also resulted in recording values 
ranging from 0 to 4 mm Hg. 
To avoid the difficulties encountered by the di-
rect puncture methods, Kjellmer (1964} devised an ex-
perimental method in which tissue pressure could be 
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equated to a direct recording of pressure in a small vein. 
This method was based upon the fact that veins are collap-
sible vessels and therefore, the pressure inside patent 
veins could never be lower than the pressure exerted by 
the surrounding tissue. A water plethysmograph was used 
to measure volume changes in the cat hindlimb produced 
by step elevations of venous outflow pressure. A change 
in hindlimb volume was recorded when local, small vein 
pressure exceeded tissue pressure. The point at which 
elevation of outflow venous pressure just induced a vol-
ume change represented the minimum tissue pressure. A 
maximum tissue pressure value was obtained from the dis-
tensibi li ty curve for veins. His results indicated 
that tissue pressure in resting skeletal muscle was 
only slightly above zero pressure, with a range of -2 
to +6 cm H2o. 
Another method for recording tissue pressure was 
described by Guyton {1963) , who measured the pressure 
inside a small, preforated capsule implanted into skel-
etal tissue. Hydrostatic pressures in these capsules 
were always negative, averaging -6 or -7 mm Hg. Since 
T-1824 dye, injected into the cavity moved freely be-
tween the cavity and surrounding tissue, and the cap-
sule pressure rapidly responded to changes in interstitial 
fluid volume, Guyton stated that the negative pressures 
recorded were representative of pressure existing within 
the interstitial spaces. 
Support for Guyton's negative interstitial fluid 
pressure measurements was provided by Scholander ~ ~· 
in 1968. Tissue pressure was measured by means of a 
"wick" technique, which consisted of a capillary tube 
fitted with a cotton thread. These authors recorded 
interstitial fluid pressure values of -1 to -20 cm 
H2o in a variety of animal species. Slow increases in 
tissue pressures were associated with the onset of ede-
ma, as predicted. However, abrupt, transient decreases 
of interstitial fluid pressure were associated with mus-
cular movements or prodding of the tissue. The authors 
proposed a rather weak argument to account for the 
abrupt changes in pressure. They explained that either 
a rapid absorption of fluids or else a dilatation of 
tissue spaces would account for these sudden changes 
in pressure. 
More recently, negative interstitial pressures 
were measured by Ladegaard-Pedersen (1970). A modi-
fication of Scholander's "wick" technique was used in 
this study. The mean pressure recorded in the subcu-
taneous tissue of the thorax was -2.7 mm Hg. In 
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contrast to the previous study, light prodding of the tis-
sue produced an immediate increase in recorded pressures 
which returned to stable control values in 1 to 2 minutes. 
In the discussion section of his paper, Ladegaard-
Pedersen stated that it would be difficult "to accept the 
concept of a negative pressure in the intercellular space 
if one imagines a space filled with water." This pres-
sure, freely transmitted to the venules, would produce 
a constant dilatation. However, Guyton (1969) proposed 
a hypothesis to explain the contradictory results of 
measuring interstitial pressure via the needle puncture 
technique versus the implanted capsule and "wick" tech-
nique. Guyton's discussion also suggests an answer to 
Ladegaard-Pedersen's statement. Guyton suggested that 
there are several different types of tissue pressure, 
which together, should be labeled "total tissue pres-
sure." Pressures can be transmitted through tissues 
by two principal means (a) by way of the fluids which 
can be called interstitial fluid pressure and (b) by 
way of the solid and semi-solid elements which can be 
called solid tissue pressure. "It is the interstitial 
fluid pressure that tends to cause movement of fluid 
through pores in tissue membranes, while it is total 
tissue pressure {a + b) that tends to cause collapse 
of blood vessels." Needle puncture studies which inject 
fluid into a tissue and displace it, must be equal to 
total tissue pressure or about equal to the +2 mm Hg 
recorded for most tissues. The implanted capsule tech-
nique or wick technique measures only interstitial 
fluid pressure. 
In 1970, Stromberg and Wiederhielm conducted a 
series of experiments with the implanted capsule. Per-
forated hollow, cylindrical capsules, similar to those 
used by Guyton were placed subcutaneously in the thorax 
of rabbits. A mean pressure of -4.4 mm Hg was subse-
quently recorded. These investigators then flushed 
solutions of hyaluronidase or collagenase into the cap-
sules. The enzymes evidently disrupted the integrity 
of the membrane which surrounded the capsule; the in-
tracapsular fluid pressure began to rise, usually into 
the positive range. Stromberg and Wiederhielm con-
cluded that the subatmospheric pressures measured in 
capsule fluid spaces developed because the chronically 
implanted capsules represented a rigid wall structure, 
containing a limited fluid volume, surrounded by a se-
lectively permeable tissue. The differences between the 
effective colloid concentration of the fluid inside and 
outside the capsule resulted in the development of 
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negative pressures. 
This summary explanation does not provide the en-
tire answer to the subatmospheric pressures observed. 
Replacement of the intact capsule fluid with fluids con-
taining protein concentrations in excess of 6% grns did 
not generate a positive intracapsular pressure. The 
authors were quite aware of this fact. They explained 
that other unmeasured, _osmotically active substances, 
such as hyaluronate, depending upon distribution and 
concentration probably affects the osmotic activity of 
total interstitial colloids. 
Several other unpublished findings as stated by 
Floyer in the discussion section following Guyton 1 s 
1969 article, raise some important questions concerning 
the pressures measured by implanted capsules. Floyer 
said that his experiments "confirm completely Professor 
Guyton's findings." Negative capsule pressures of -4 
to -6 mm Hg were recorded in both rat and man after an 
acclimation period of 2 to 3 months. However, he also 
studied the protein content of the capsule fluid at 
weekly intervals. One week after implantation, protein 
content of the fluid was similar to that of plasma; the 
pressure readings were 2 to 3 mm Hg positive. After six 
weeks, the protein content fell to 1/3 the concentration 
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of plasma, the albumin/globulin ratio was about twice that 
of plasma, and the capsule pressure recorded was -4 to -6 
mm Hg. These results rather than simply supporting the 
negative interstitial fluid pressure findings, lend sup-
porting evidence to the fact that the implanted capsules, 
surrounded with 1 to 1.5 mm fibrous tissue, created an 
artificial interstitial space filled with fluid which gen-
erate a negative internal pressure. 
Floyer also cited some studies conducted upon the 
effect of posture on capsule pressure in man. He stated 
that when a patient was tilted from a reclining to an 
erect posture, capsule pressure fell 1 to 2 irun Hg. The 
pressure change was attributed to a ref lex vasoconstric-
tion of subcutaneous arterioles which, in turn, produced 
a decrease in tissue pressure. If the capsule measured 
interstitial fluid pressure rather than total tissue 
pressure, then postural changes should not have af-
fected the capsular fluid pressure. Perhaps these re-
sults suggest, instead, that the two basic types of 
pressure contributing to total tissue pressure cannot 
be separated in any dynamic situation. Alteration of 
either pressure affects the other and therefore the 
transcapillary exchange of fluids. Perhaps, intersti-
tial fluid pressure is negative, but a better assessment 
of the tissue pressure factor in the filtration equation 
is Guyton's total tissue pressure, which is positive as 
measured by needle puncture studies. 
E. Autoregulation 
Autoregulation or the local regulation of blood 
flow refers to the intrinsic tendency of an organ to 
maintain a constant blood flow despite a change in ar-
terial perfusion pressure. Several mechanisms have been 
proposed to account for this local vascular response. 
The three major theories are (1) myogenic hypothesis, 
(2) metabolic hypothesis, and (3) tissue pressure hypo-
thesis. 
1. Myogenic Hypothesis 
An initial explanation of the myogenic hypothe-
sis can be made by referring to Bayliss' work done at 
the turn of the century (Bayliss, 1902). At that time, 
Bayliss demonstrated that an excised artery contracted 
when distorted. He attributed the contraction to an in-
trinsic property of the smooth muscle. 
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The myogenic hypothesis suggests that local con-
trol of blood flow is dependent upon a mechanism inher-
ent in the smooth muscl~ cells of arteries or arterioles. 
The smooth muscle cells in certain vessels respond to in-
creased internal pressure or increased wall tension by 
contracting, exactly what Bayliss observed in denervated 
dog and cat hindlegs. Subsequently, further investiga-
tion of this phenomenon has revealed more information 
about the myogenic activity of smooth muscle cells. 
Vascular smooth muscle can exhibit inherent or 
spontaneous tone, independent of stimuli outside the 
muscle. The mechanism for the development of this 
tone is not completely understood. 
Electro-physiological studies in the ureter 
(Bozler, 1948) and in the intestine (Bulbring, 1962) 
implies that myogenic activity forms the basis of mo-
tility and tone in these tissues. These smooth muscle 
cells are similar to cardiac pacemaker cells in that 
they possess a low and unstable membrane potential, 
about -40 to -50 mV. Local potentials generated de-
polarization, followed by a spread of excitation and 
then contraction. 
Electro-physiological data have been obtained 
from small vessels in situ by Funaki (1961), and Funaki 
and Bohr (1964). They successfully inserted microelec-
trodes into pre- and post-capillary vessels and recorded 
low, unstable membrane potentials of -40 mV. A gradual 
buildup of local potentials initiated complete depolari-
zation and a conducted excitation. In other cells, the 
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membrane potential was more stable and showed a di£f er-
ent spike on direct stimulation~ These data tend to 
support the possibility suggested by Folkow (1964) that 
there might be a gradual shift from nerve dominated 
"multi-unit" to "visceral" smooth muscle as large ves-
sels branch and divide to form the small vessels. 
Both Bozler (1948) and Bulbring (1962) observed 
in ureteral and intestinal smooth muscle that a slight, 
continuous distention increased the spontaneously gen-
erated depolarization. Zweifach (1934) produced con-
tractions of individual smooth muscle cells of arteri-
oles and pre-capillary sphincters in rat and cat me-
sentery by prodding these cells with a microneedle. 
Johansson and Bohr (1966) demonstrated that passive 
stretch increased the frequency of the phasic contrac-
tions of isolated subcutaneous arteries. In 1957, 
Wiedeman observed that the rate of rhythmic, unsyn-
chronized contractions in the venules of bat wings in-
creased when these vessels were distended. 
Phasic variations of vessel tone are a well-re-
cognized phenomenon in small peripheral blood vessels. 
Studies revealed that the resulting periodic f luctua-
tions of blood flow are associated with a partial nar-
rowing or dilation of the terminal arterioles qr 
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~re-capillary sphincters. This type of activity is 
called vasomotion. The most regular pattern of move-
ments occurred over a 2 to 3 minute interval, with the 
pre-capillary sphincter exhibiting shorter, less reg-
ular intervals (Zweifach, 1957; 1961). Direct micro-
scopic observation of vasomotor activity has been made 
of terminal arterioles in the bat wing (Webb and Nicoll, 
1954; Wiedeman, 1963; Furchgott, 1955) on the post-cap-
illary section of bat wings (Wiedeman, 1957) in the rat 
mesoappendix (Zweifach, 1950) and in the cremaster mus-
cle of the rat (Intaglietta and Zweifach, 1966). 
Unchida and Bohr (1969) stated that some degree 
of tone was present regardless of the range of pres-
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sure delivered to small blood vessels, i.e. the re-
sponse of arterioles and pre-capillary sphincters to 
pressure alterations is most pronounced in response to 
pressures in a physiological range (Hanson, 1964). In 
all cases, adrenergic nerve endings or other intrinsic 
sources for catecholamines are not required for the main-
tenance of myogenic tone. Preparations taken from re-
sperpinized cats or preparations treat~d with the a ad-
renergic blocker, phentolamine, exhibited myogenicity 
(Folkow and Oberg, 1961). In these preparations and in 
the untreated whole-limb preparations of Mellander, 
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~berg, and Odelram (1964), increased transmural pressure, 
accomplished without changing the arteriovenous pressure 
head or flow exhibited increased flow resistance. 
2. Metabolic Hypothesis 
A relationship between blood flow and tissue me-
tabolism was first proposed by Roy and Brown in 1879 and 
by Gaskell in 1880. These investigators suggested that 
metabolic products, released from tissues and trans-
ported via interstitial fluids affected the arteriolar 
smooth muscle and induced local vasodilatation. 
The participation of oxygen as the mediator of 
local regulation has been considered for many years. 
The main reason is the drop in oxygen content, oxygen 
saturation and oxygen tension of the blood perfusing 
muscle during muscular contraction and reactive hyper-
emia in cardiac muscle (Olsson and Gregg, 1965) skel-
etal muscle (Kontas et al., 1965) and kidney (Scott 
et al., 1965). However, Dougherty et al. (1967) demon-
strated that a 10-fold elevation of o2 tension has lit-
tle effect on the resistance to flow through forelimb, 
heart and kidney. Similarly, Bond et al. (1969) con-
cluded that the level of tissue P0 2 was not the pri-
mary or initiating factor governing skeletal muscle 
autoreguation. They were able to demonstrate with the 
aid of a hyperbaric chamber that blood flow autoregula-
tion was maintained despite a wide range of supranormal 
PV0 2 • Such studies suggest that autoregulation follow-
ing elevation of perfusion pressure in some organs is 
not dependent upon oxygen concentration. 
On the other hand, low oxygen concentration could 
contribute to autoregulation that follows a decrease in 
perfusion pressure. However it is not the only factor 
involved as demonstrated by Ross ~ al. in 1964. They 
perfused the resting gastrocnemius muscles with venous 
blood and recorded an increased blood flow but not in 
the order of that seen during contraction, even though 
the outflow oxygen tensions were the same in both cases. 
Similarly, Haddy and Scott (1964) found that a change in 
oxygen content by an amount approximately equal to the 
usual arterio-venous difference, with Pa co2 and pH held 
constant, had little effect upon resistance to flow in 
the intact dog forelimb preparation. Earlier, Ross 
et al. (1962) reported that blood flow tripled through 
the dog hindlimb as the o2 saturation of perfusing 
blood fell from 100% to 0%. It is important to note 
that in the range of o2 saturation tested by Haddy 
and Scott, there were small if not inconsequential 
changes of dog hindlirnb blood flow. 
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Dawes (1941) reported the vasodilator action of 
potassium. Since potassium is released from active mus-
cle, Dawes suggested that this substance might serve as 
the metabolic mediator of local vasodilation. Kjellmer 
(1961) contributed data to support this hypothesis. He 
reported an experiment in which graded contractions of 
leg muscles elevated potassium concentrations of inter-
stitial fluids to levels capable of producing a marked 
reduction in local vascular resistance. 
Similar correlations between blood flow and po-
tassium release in the myocardium do not support the 
potassium hypothesis. In cardiac muscle, low concen-
trations of potassium produce vasodilatation while high 
concentrations resulted in vasoconstriction. Katz and 
Lindner (1938) and also Haddy et al. (1963) reported 
that a reduction of plasma potassium concentration did 
not produce a measurable increase in the resistance to 
flow through heart muscle although it may increase myo-
cardial contractile force. 
In general, the potassium ion participates in the 
vascular response to an increase of metabolic activity 
in skeletal muscle but there is no data available to 
suggest that it participates in the responses to altered 
metabolic activity in other tissues. Potassium ion is 
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also not involved in autoregulation seen in responses to 
alterations of perfusion pressure. 
Other metabolites potentially capable of produc-
ing vasodilatation in the vascular system are lactic 
acid and carbon dioxide. Both substances are released 
from hypoxic or actively metabolizing tissues and have 
vasodilating properties. Neither were capable of pro-
ducing the gradation of vasodilatation observed during 
intense muscular activity (Haddy and Scott, 1964). 
Similarly, the hydrogen ion is locally vasoac-
tive, with high concentrations causing dilation and 
low concentrations causing constriction. Rudko and 
Haddy (1965) showed that during skeletal muscle con-
traction in dog hindlimb an increase in hindlimb flow 
to 27% over control occurred with only a 0.07 unit 
fall in effluent blood pH. By contrast, induced changes 
in pH must be quite large to produce measurable changes 
in resistance (Malnar et al., 1963). 
Many other vasodilating metabolites have been 
suggested as possible mediators in the regulation of 
blood flow. Histamine (Anrep, 1935), bradykinin (Lewis, 
1959) and the adenine compounds (Imai et al., 1964) have 
all been implicated but unsubstantiated as the sole me-
diator of vascular dilatation. None is found in all 
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the tissues subject to autoregulation. 
On the basis of the preceding discussion it is 
evident that no one substance alone is responsible for 
all types of local regulation. Recently, investigators 
have examined the possibility that several substances 
may act together to initiate and maintain vascular 
changes. Skinner and Costin (1971) performed constant 
flow experiments upon dog gracilis muscle. In their 
experiments, the effect of potassium, osmolality and 
oxygen deficiency alone and then in combination were 
examined with respect to their effect upon resistance 
to blood flow. Each, when used alone, was effective in 
reducing vascular resistance. However the degree of 
vasodilatation did not approach that produced by mus-
cular contraction. When used together, marked vaso-
dilatation occurred. 
The role of osmolarity, potassium ion, hydrogen 
ion, magnesium ion and oxygen in local blood flow reg-
ulation was studied by Scott et al. (1970). Venous 
blood samples were analyzed following reactive hypere-
mia, active hyperemia and local extra-arterial infu-
sion of hyperosmotic solutions. Their findings indi-
cated that osmolarity and potassium, hydrogen and mag-
nesium ion concentrations rise and the oxygen tension 
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falls in venous effluent during active hyperemia. In the 
case of reactive hyperemia, only the hydrogen ion concen-
tration changed significantly. Little was mentioned with 
respect to autoregulation, except that the response did 
occur in the virtual absence of oxygen. 
3. Tissue Pressure Hypothesis 
According to this hypothesis, local regulation of 
blood flow occurs in the low pressure vessels due to the 
pressure of tissue fluids upon them. Regulation of blood 
flow does not require an active response of smooth mus-
cle within the microvasculature. Thus, with elevated 
fluid filtration into extramuscular spaces, interstitial 
fluid pressure would be increased. This elevated tissue 
pressure would encroach upon all blood vessels contained 
in the area. The primary site of resitance change would 
occur in vessels having the lowest compliance, i.e. the 
venous vessels. Generally, tissue pressure regulation 
is discussed in connection with kidney and tooth pulp 
blood flow, since these areas represent vascular areas 
enclosed by a relatively rigid capsule (Hinshaw et al., 
1963; Brown and Zanowitz, 1964). 
In 1966, Rodbard advanced the tissue pressure 
hypothesis by the introduction of a physical system, 
the "capillaron" which was capable of exhibiting 
critical closure and opening, arterial and venous auto-
regulation and the various types of hyperemia. The 
model was arranged to suggest an encapsulated structure 
enclosing parenchymal cells, tissue fluid and a soft-
walled permeable capillary. Studies conducted with the 
capillaron system demonstrate that the above mentioned 
local, non-emergency regulations of blood flow could 
take place at the capillary level; vascular smooth mus-
cle involvement was unnecessary. In general, conduct-
ance (reciprocal of resistance) was a function of the 
degree of the relative permeabilities of the vessel 
segments immediately upstream and downstream from the 
capillary. Thus, as the permeabilities changed, so did 
the extravascular or tissue pressure and the effective 
transmural pressure acting on the soft-walled vessel. 
Beer (1971) attempted to test the role of tis-
sue fluid in blood flow regulation by a comparison of 
responses in the "capillaron" and the dog gracilis mus-
cel preparation. With the capillaron model, measure-
ments were made of input pressure, capsule volume and 
capsule pressure. With the gracilis muscle preparation, 
arterial and venous pressure plus total tissue volume 
(weight change method) were recorded. Beer subjected 
both systems to a sudden change in perfusion rate. Both 
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systems revealed similar steep rises in arterial pres-
sure, steep falls in pressure towards control values and 
finally a slow, progressive rise in arterial pressure. 
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In the "capillaron" model, the third phase was associated 
with an increase in extravascular volume an.a pressure. 
In the muscle preparation, the third phase was associated 
with an increase in muscle volume (increase in total prep-
aration weight). Reasoning on the basis of similarity be-
tween the two systems, Beer used the data obtained from 
the model to analyse the data obtained from the muscle 
preparation. In the case of the capillaron model, the 
increased resistance to flow was due to an increased 
extravascular pressure and eventual collapse of the 
soft-walled "capillary" at the distal end. Therefore, 
Beer reasoned that in the muscle preparation, the in-
creasing resistance to flow must likewise be associated 
only with an increased extramuscular pressure and col-
lapse of capillaries. 
Beer now proposes to extend his studies on the 
relationship between tissue pressure and blood flow to 
include the microcirculation of tooth pulp. This tis-
sue represents a vasculature definitely enclosed in a 
rigid capsule. Also, pulp tissue pressure, equal to 
55 mm Hg has been measured (Brown and Zanowitz, 1964). 
Hopefully, in this preparation the relationship between 
amount of fluid filtered and change in extravascular 
pressure can be quantitated in order to provide more 
than speculative arguments concerning this tissue pres-
sure hypothesis. 
52 
In recent years, Hinshaw et al. (1959; 1963; 1964) 
analyzed many factors involved in the phenomenon of re-
nal autoregulation. They suggested that the components 
of resistance changes observed as a result of arterial 
pressure increase (1963), included a metabolic response, 
myogenic response, alteration of post-glomerular vis-
cosity, elevation of Bowman's capsule extravascular pres-
sure and elevation of tissue pressure. However, despite 
the variety of opposing forces, tissue pressure was the 
primary mechanism accounting for the hyperemia response 
to short (15 sec) occlusions. 
Swann et al. (1950) conducted a series of experi-
ments in order to ascertain the role of kidney intersti-
tial pressure with respect to the regulation of blood 
flow. Their data revealed that tissue pressure did not 
rise abruptly when arterial pressure was elevated. They 
also examined the changes in deep venous pressure as ar-
terial pressure was elevated and lowered. On the aver-
age, each mm Hg rise in blood pressure produced a 0.26 
mm Hg rise in interlobular venous pressure. Again the 
lack of any disproportionately large changes in venous 
pressure associated with arterial pressure changes do 
not lend supportive evidence to the tissue pressure hy-
pothesis of autoregulation. 
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CHAPTER III 
MATERIALS AND METHODS 
A. Apparatus and Technique 
1. Surgical Procedures 
Mongrel dogs of both sexes were anesthetized in-
travenously with 35 mg/Kg sodium pentobarbital (Nembutal, 
Abbott). This commercially prepared solution contained 
50 mg sodium pentobarbital, 40% propylene glycol, and 
10% alcohol per ml. The dogs were treated intravenously 
with 1000 units/Kg of heparin solution (Lipe-heparin, 
Riker). Each ml of this commercially prepared solution 
contained 5000 u.s.P. heparin units and 0.9% benzl al-
cohol. 
A 1/4 inch wide, metal clamp was placed just 
proximal to the wrist joint and tightened sufficiently 
to completely occlude the arterial and venous blood 
flow through the paw. The paw was removed by cauter-
izing through the carpometacarpal joints or through 
the antebrachiocarpal joint. Approximately 80% of the 
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thoracic limb was skinned exposing the entire forearm and 
the distal portion of the upper arm. The cephalic vein 
and its accessory veins were ligated at the level of the 
metal clamp, and the vessel was removed with the skin to 
the level of the f lexor angle of the elbow joint. The 
cephalic vein of the upper forearm and the median cubital 
vein were ligated. 
The brachial vein and artery were cannulated prox-
imal to the f lexor angle of the elbow joint. The carot-
id artery and external jugular vein also were cannulated 
and a closed circuit was established connecting the ca-
rotid artery to the brachial artery, and the brachial 
vein to the external jugular vein. By means of this 
circuit the muscles of the forearm were autoperfused 
during the remaining surgical procedures. 
The forearm was isolated from the animal by cau-
terizing through the upper arm muscles and sawing through 
the humerus. Bone wax was used to seal the distal cut 
end of the humerus. 
This preparation, completely isolated from the 
animal except for the autoperfusion circuit, was coated 
with light mineral oil to prevent drying. A small sur-
face thermistor was tied to the surf ace of the muscle 
and the preparation was surrounded with aluminum foil. 
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A heating coil was wrapped around the outside of the foil 
covering the forearm. The autoperfusion circuit was dis-
connected. The forearm preparation was transferred and 
established within the artificial perfusion system. The 
thermisotr was connected to a YSithermometer-temperature 
controller, which periodically activated the heating coil 
in order to maintain the surface temperature at 37.5°C. 
2. Perfusion Apparatus 
Figure 2 is a diagram of the perfusion apparatus 
used in the experiments. Blood perfusing the tissues 
was contained in a blood reservoir, a Bellco low-trauma 
spinner flask with several orifices. A magnetic stirrer 
with a teflon bar was used to maintain the red blood 
cells in suspension within the reservoir. One of the 
orifices was used for a gas inlet and was connected to 
a tank of compressed 95% o2 and 5% co2 • Pressure de-
livered to the tissue was controlled by means of a 
Conoflow H-lOXT-H pressure regulator. Lateral pres-
sure of the inf low blood pressure perfusing the artery 
of the forearm was metered by a Statham P23Dc pressure 
transducer, which was located proximal to the small 
brachial artery cannula. A Grass Model 7 Polygraph 
was used to record this data, and all other data in-
cluding outputs from pressure and force transducers and 
FIGURE 2 
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accessory devices. 
The blood was heated just before it entered the 
forearm by passing it through a metal manifold maintained 
at 37°C by a constant temperature water circulator. The 
blood was not oxygenated, because it was drawn from the 
femoral artery of a donor dog. This blood was circu-
lated only once through the preparation. The mean hema-
tocri t of the blood used in these experiments was 44.3 + 
1. 3%. 
Venous outflow blood from the brachial vein was 
collected in a cylindrical container, suspended from a 
Grass FT 0.03 force transducer. Cumulative blood flow 
was determined by measuring the weight increase of this 
container as recorded on a Polygraph channel. ·When the 
recording pen deflected to the top of the Polygraph 
channel, it was electronically rebalanced in order to 
maintain the pen within the channel. The output from 
the fore~ transducer supporting the venous·collection 
chamber was differentiated electronically, and this 
was recorded as blood flow on a separate channel. 
Normally, the venous cannula from the forearm 
was positioned slightly higher than the end of the 
cannula leading to the collection chamber. In this 
way the vein was exposed to atmospheric pressure. 
However, when necessary, the pressure in the collection 
chamber could be elevated in order to raise terminal ve-
nous outflow blood pressure. Near the top of the col-
lection chamber a small adapter was mounted with epoxy 
through the wall of the chamber. The hole served as a 
gas inlet and was connected to a pressurized tank of 
100% o2 • A small vent was made near the top of the 
collection chamber because it was easier to regulate 
the pressure delivered to the vein when there was a 
controlled leak in the otherwise closed system. Venous 
outflow pressure was monitored at a point 7 cm from the 
brachia! vein by means of a Statham P23Gv pressure 
transducer. 
The forearm preparation was suspended in a wire 
cradle from a Grass FT 0.03-B force transducer, coun-
ter balanced with a standard 100 gm weight. Under con-
trol conditions the combined weight of the forearm, 
cradle, foil, and heating coil were balanced (equiva-
lent to zero weight) so that only subsequent weight 
changes were recorded. At the end of each experiment, 
the perfused skeletal muscle was stripped from the bone 
and the muscle and its contents were weighed. 
The output from the Polygraph weight recording 
channel was led into a second channel in order to 
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amplify the signal output from the force transducer. A 
0.5 gm weight change was equivalent to approximately 30 
mm pen deflection. The rate of weight change was easily 
determined from this record. 
In several cases a dye was added to the blood in 
the reservoir at the end of the experimental procedures 
to evaluate the extent of the perfusion. Examination 
of the tissue revealed uniformity of color throughout, 
even to the small amount of muscle attached to the 
upper arm. 
B. Experimental Procedure 
1. Rest Period 
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The completely isolated forearm was situated with-
in the perfusion apparatus. A rest period of 10 to 30 
minutes elapsed during which arterial inf low pressure 
was set at a non-oscillating pressure of approximately 
100 mm Hg. An arterial pressure was chosen for each 
experiment which best maintained the preparation weight 
at a constant level. Venous pressure was not regulated 
but the outflow from the veins was exposed to atmospher-
ic pressure. 
2. Pressure Alterations 
a. Viability test 
Arterial pressure was increased by a 20 to 25 
mm Hg step and maintained for approximately 2 to 4 min-
utes. Changes in flow and weight were recorded during 
this procedure. Arterial pressure was then returned to 
its originai level, i.e. approximately 100 mm Hg. This 
test was performed in order to assess the possible pres-
ence of autoregulation. 
b. Isogravimetric determinations 
This procedure consisted of altering arterial and 
venous pressures in opposite directions so that a con-
stant preparation weight was maintained. Pressure al-
terations were performed in either of two sequences: 
(1) arterial pressure was decreased first and subse-
quently venous pressure was raised (A,V sequence); (2) 
venous pressure was initially raised after which arter-
ial pressure was decreased (V,A sequence). In the first 
procedure, arterial pressure was decreased in approxi-
' 
mately 15 mm Hg steps. Venous pressure then was raised 
in order to cancel the tendency of the preparation to 
lose weight due to the reabsorption of interstitial 
fluid. At each isogravimetric state, the pressures 
were maintained for a minimum of 30 seconds. These 
paired step pressure changes were repeated until blood 
flow decreased to below 1 ml/min. However, flow was 
never permitted to stop completely. This low level of 
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flow was accomplished in 4 to 6 paired pressure step 
changes. After the final step pressure change, arterial 
pressure was returned to the 100 mm Hg level and venous 
pressure in the collection chamber was decreased to zero. 
In the second procedure, venous outflow pressure 
was raised in approximately 5 mm Hg steps. Arterial 
pressure then was lowered to a level sufficient to op-
pose the filtration of fluids within the skeletal mus-
cle and thereby to establish the isogravimetric state. 
Each isogravimetric state was maintained for a minimum 
of 30 seconds. These paired step pressure changes were 
repeated until low blood flow levels were recorded. 
After the final paired pressure changes, the venous out-
flow pressure was reduced to zero mm Hg and the outflow 
from the veins again was exposed only to atmospheric 
pressure. Arterial pressure was returned to, and main-
tained at, the 100 mm Hg level. 
1) Untreated state 
A minimum of one, but normally two, isogravime-
tric experiments were performed with each dog forearm 
preparation. Each experiment included both A,V and V,A 
sequences. Although each experiment included both se-
quences, care was taken to randomize the order in which 
the two sequences were performed. 
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Five minutes were permitted to elapse between iso-
gravimetric determinations and a minimum of 8 minutes 
elapsed before the experiment was repeated. During these 
waiting periods, control pressures were established in 
order to minimize weight changes which could become sig-
nificant by the end of the experiment. 
One forearm preparation was used to obtain repeated 
isogravimetric experiments in an untreated state. Over a 
2 hour period, the coupled A,V and V,A procedures were re-
peated 5 times. The sequence in which these procedures 
were performed was randomized. Care was taken to mini-
mize weight changes between procedures. Approximately 
the same time period was observed between procedures as 
mentioned above. 
2) KCN studies 
A stock solution of KCN (5 mg/ml) was added di-
rectly to the blood in the reservoir. One ml of stock 
solution was added for each 100 ml of blood. This pro-
vided for a final concentration of 0.0495 mg KCN per ml 
blood. 
A number of KCN experiments were performed using 
two blood reservoirs. In these cases, the stock solu-
tion of KCN was added directly to the blood in the se-
cond reservoir one-half hour before the blood was used 
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to perfuse the forearm preparation. 
Isogravimetric determinations, i.e. the paired A,V 
and V,A sequences were performed at least once but usually 
twice. The waiting periods were approximately one-half 
the length observed during the untreated state. Again 
care was taken to randomize the performance of coupled 
A,V and V,A procedures. 
3) Filtration studies 
A second Bellco spinner flask was used for filtra-
tion studies. A 0.9% saline solution, rabbit Ringer so-
lution or 3:1 saline-diluted whole blood was used to per-
fuse the forearm preparation. A liter of rabbit Ringer 
solution contained 8 gms NaCl, 0.37 gms KCl, 0.22 gms 
CaC12 , 0.10 mg MgC1 2 ·6 H2o, 1.01 gms NaHC0 3 , 0.12 gms 
NaH 2Po4 , and 2.18 gms glucose. 
During the filtration period, arterial inflow 
pressure was lowered to approximately 50 mm Hg, while 
venous pressure was elevated to 15 or 20 mm Hg. Flow 
rates were extremely high, usually in excess of 15 ml/ 
min. Vascular volume responses dominated the weight 
changes observed in both weight channels during the 
first minute. After this period, a gradually changing 
preparation weight was observed, indicating an approx-
imately constant weight gain due to the net filtration 
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of fluids into extravascular spaces. Filtration periods 
lasted 5 to 15 minutes. 
The forearm preparation was then reperfused with 
oxygenated whole blood, venous pressure was returned to 
atmospheric pressure and arterial pressure was adjusted 
to return the preparation to an isogravimetric state. 
The A,V and V,A sequences were performed with an 
attempt made to randomize the order with which they were 
performed. Waiting periods, similar to those in the un-
treated state, were observed between sequences. 
In a few forearm preparations, a second filtra-
tion was performed. The method was the same as des-
cribed above. Following the second filtration period, 
the A,V and V,A sequences again were performed. 
c. Equations and Calculations 
The rate of flow of a fluid through a tube may 
be related to the driving pressure and the resistance 
to that flow. This relationship may be expressed as: 
t.P F = R (1) 
where, 
F = rate of blood flow in ml/min 
t.P = pressure difference across the vascular 
bed in mm Hg 
R = resistance to the flow in mm Hg 
ml/min 
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Since the flow and pressures across the system can be mon-
itored, this expression may be used to calculate the to-
tal resistance of the vascular system. 
However, this same relationship is true for any 
segment of the vascular system as long as the pressure 
gradient across a given section and the flow through 
that section is known. For example, the vascular sys-
tern may be divided into the arterial system and venous 
system. Arterial vessels, in this case refer to ves-
sels which lie proximal to the capillary bed; venous 
vessels refer to the vessels which lie distal to the 
capillary bed. The expression which relates arterial 
flow, pressure and resistance for the arterial section 
may be written: 
F = 
where, 
F = 
p = a 
p = c 
R = a 
p - p 
a c 
Ra 
arterial flow 
inf low arterial pressure 
mean capillary pressure 
resistance offered by the arterial 
For the venous side of the vasculature: 
F = 
p - p 
c v 
R 
v 
vessels 
{2) 
(3) 
F = venous flow 
P = outflow venous pressure 
v 
Pc= mean capillary pressure 
Rv = resistance offered by the venous vessels 
These values may be related and restated for pa-
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rameters obtained in the isogravimetric state. Equation 
2 restated for the arterial system during the isogravi-
metric state is: 
F. = 
l 
p 
a. 
l 
- p c. 
l 
R 
a. 
l (4) 
Similarly, Equation 3 may be restated for the ve-
nous system in the isogravimetric state: 
F. = 
l 
p 
c. 
l 
- p 
v. 
l 
R v. 
l (5} 
It is possible to solve Equations 4 and 5 for P , 
c. 
l 
the isogravimetric capillary pressure. The equations may 
be restated as: 
or, 
p 
c. 
l 
p 
a. 
l 
similarly, 
= p 
a. 
l 
= p 
c. 
l 
- F. R 
i a. 
l 
+ F. R 
i a. 
l 
(6) 
(7) 
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p = p + F. R c. v. 
l. l. 
J. v. 
l. (8) 
or, 
p = p - F. R v. c. J. v. l. l. l. (9) 
It may be observed that Equations 7 and 9 are in the form 
of the general expression y = mx + b. This is the general 
equation for a straight line. Venous pressure and flow, 
obtained during the isogravimetric state (Equation 9) may 
be described graphically by plotting venous pressure a-
long the vertical axis and F along the horizontal axis. 
The point at which the resulting curve intercepts the 
pressure axis represents: (a) the venous pressure at 
which flow would be zero, and (b) an estimate of the 
isogravimetric capillary pressure, P • 
c. 
l. 
Substitution of the intercept value (P ) into 
c. 
l. 
Equation 9 permits the calculation of venous resist-
ance. If this is accomplished for each isogravimetric 
step in a given preparation, venous resistance during 
isogravimetric conditions may be determined. The same 
graphic representation of Equation 7 permits calculation 
of arterial resistance during isogravimetric conditions. 
In these experiments, the Wilcoxon, matched-pairs, 
signed-rank test was used to test for statistical sig-
nificance (Snedecor, 1967). This test was used in all 
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cases except where specified that the student t test was 
used. In those cases where the student t test was used, 
the number of experiments was less than that given by the 
Wilcoxon table of critical values. 
CHAPTER IV 
RESULTS 
A. A,V and V,A Differences 
Figure 3 presents a polygraph record illustrating 
the establishment of 6 isogravimetric states during both 
an A,V sequence (right side) and a V,A sequence (left 
side). The A,V sequence shown was performed 11 minutes 
after the start of the V,A sequence. The depression in 
the flow channel of the V,A sequence, marked by arrows, 
indicates a period during which the venous collection 
chamber was emptied. The flow for the isogravimetric 
state established at that time was estimated by briefly 
interrupting the emptying of the venous collection cham-
ber. The depression of shorter duration noted in the 
A,V sequence, marked by arrows, was produced by the au-
tomatic rebalancing apparatus. Between the start and 
finish of the V,A sequence, there was a net increase in 
weight of 0.14 gm, as recorded by the weight change chan-
nel. Similarly, there was a net increase in weight of 
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FIGURE 3 
POLYGRAPH RECORD SHOWING V,A AND A,V SEQUENCES 
V ,A Sequence A. V Sequence 
Arterial 100 ~----Pressure 
mm Hg 0 
Venous 
PresSure 
mm Hg 
5 
Flow 
ml/min 
0 
7.:c f-1 min-I ~11min1 Weight 
gm 
.75 
Weight 
Change 
gm 
0 
Polygraph record illustrating the establishment 
of several isogravimetric states during both an A,V 
sequence (right side) and a V,A sequence (left side). 
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0.22 gm during the A,V sequence. The absolute weight of 
the muscle portion of this preparation was 98 grams. In 
both cases, flow and arterial pressure did not return to 
the same level as the previous untreated states when sub-
jected to control pressures. These small weight gains 
could represent a vascular volume change or a net fil-
tration. Data from the A,V sequence resulted in an es-
timated P of 18.9 mm Hg, while the data from the V,A 
c. 
1 
sequence resulted in an estimated P of 23.5 mm Hg. 
c. 
1 
Figure 4 presents data taken from two other prep-
arations in which both A,V and V,A sequences were per-
formed. The Figure illustrates how the estimated P 
c. 
1 
was determined. In the four cases shown in Figure 4, 
the data is plotted according to Equation 9, 
p 
v. 
1 
= p 
c. 
1 
- F R v. 
1 
where P represents isogravimetric venous pressure, 
v. 
1 
P represents isogravimetric capillary pressure, F 
c. 
1 
represents flow, and R represents venous resistance. 
v 
The flow at each isogravimetric state established dur-
ing the paired pressure alterations was plotted along 
the abscissa, and the venous pressure required to es-
tablish each isogravimetric state was plotted along 
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FIGURE 4 
VENOUS PRESSURE-FLOW CURVES OBTAINED IN THE 
UNTREATED ISOGRAVIMETRIC STATE 
(Exp 3) (Exp 5) 
• A,V 
• V,A 
• 
e A,Y 
• Y,A 
~ 14 
! 
:J 
:: 12 
! 
0.. 
.. 5 10 
c 
.. 
> 
8 
6 
4 
2 
2 3 4 2 3 4 
Flow ml/min 
Graphs of the Equation Pv· = Pei - F Rv in which 
flow is plotted against venous p~essure. The intercept 
value of the ordinate is defined as the isogravimetric 
capillary pressure (Pei). According to the slope of the 
curves, venous resistance increased in the A,V sequences 
and either did not change or decreased in the V,A se-
quences. 
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the ordinate. Three of the 4 cases required extrapola-
tion to the point of zero flow (broken line). The pres-
sure at which the curve intercepted the abscissa is 
equal to P • The A,V sequences of Figure 4 resulted c. 
l. 
in curves convex to the flow axis. The slopes of the 
curves are equal to venous resistance. In the case of 
the A,V experiments shown in this Figure, venous resist-
ance tended to increase as the venous pressure was ele-
vated. This is contrary to what one would expect of 
passive tubes. In experiment 3 of Figure 4, a straight 
line best related venous pressure and flow during the 
V,A sequence. This indicated that venous resistance 
remained constant during the entire procedure. This 
also is not what one would expect of passive tubes. 
In the V,A sequences of experiment 5 of Figure 4, a 
curve concave to the flow axis was observed. According 
to the slope of this curve, venous resistance decreased 
as venous pressure was elevated. A more extensive con-
sideration of venous resistance changes w'ill be made in 
another section. 
In most experiments, a higher P was obtained by 
c. 
l 
the V,A procedure than by the A,V procedure. To test 
the reliability of this observation, repeated P values 
c. 
l 
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were obtained in several untreated dog forearm prepara-
tions. Figure 5 shows data for 5 consecutive experiments 
performed in a single forearm preparation. The A,V and 
V,A procedures were performed according to the sequence 
indicated in the Figure. An average of 13 minutes e-
lapsed between the start of consecutive experiments. The 
entire experimental series took approximately 2 hours to 
complete. The mean estimated P for the A,V sequences 
c. 
1 
was 19.0 + 0.9 mm Hg (mean and standard error) as corn-
pared with 22.1 + 0.4 mm Hg for the V,A sequences. These 
values were statistically significantly different (p<.05). 
Table I presents data obtained from 13 experiments 
performed on 8 dog forearm preparations. Data obtained 
after the addition of KCN to the preparation are included 
in this Table, but will be discussed later. Figure 6 
presents the data for the untreated experiments in gra-
phic form. The P values obtained for the A,V sequences 
c. 
1 
are plotted along the abscissa and the P values ob-
c. 
1 
tained for the V,A sequences are plotted along the or-
dinate. The 45° line represents the line of equality. 
The closed circles represent experiments in which the 
A,V procedure was performed before the V,A procedure; 
the closed squares represent experiments in which the 
t» 
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FIGURE 5 
CONSECUTIVE A,V AND V,A SEQUENCES IN 
V,A 
30 
THE UNTREATED STATE 
mean Pei 
A,V = 19.0 + 0.9 mm Hg 
mean Pei 
V,A = 22.1 +o.4 mm Hg 
V,A P..i=::..05 
---A,V --- ______ 1 ___ _ 
A,V f Mectn A,V 
A,V 
60 
Minutes 
90 120 
Isogravimetric capillary pressures determined from 
5 consecutive A,V and V,A sequences. Mean values and stan-
dard errors also are shown for each sequence. 
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TABLE I 
ISOGRAVIMETRIC-CAPILLARY-PRESSURE VALUES OBTAINED 
DURING A,V AND V,A SEQUENCES 
Untreated KCN 
Preparation A,V V,A A,V V,A 
1 12.4 mm Hg 15.5 mm Hg 18.4 mm Hg 18.1 mm Hg 
13.5 15.5 16.6 17.8 
2 9.1 15.3 15.4 12.1 
14. 7 14.4 16.5 12.9 
3 12.l 15.5 18.7 17 .5 
10.4 13.5 19.5 19.5 
4 20.2 22.1 22.l 23.9 
19.2 21.6 21.8 22.5 
5 21.8 24.0 23.0 25.2 
6 13.9 16.8 17.8 18.0 
7 17.2 18.6 21. 7 21.0 
16.6 19.5 19.9 19.9 
8 16.5 17.8 18.6 18.3 
Mean 15.2 mm Hg 17.7 mm Hg 19.2 mm Hg 18.9 mm Hg 
Standard 
Error +1.1 +0.9 +0.7 +1.2 
< p<.01 > < . s. 
~ 
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26 
24 
22 
::s 20 
£ 
~ 18 > 
D) 
:c 
E 16 
E 
i 
14 
12 
10 
FIGURE 6 
COMPARISON OF Pei VALUES OBTAINED IN 
A,V AND V,A SEQUENCES 
• 
V,A = 17.7 mm Hg 
A,V = 15.2mm Hg 
diff. = 2.5 
P.o=::.01 
••• 
• 
• 
UNTREATED 
• 
• 
• 
• 
e A,V then V,A 
• V,A then A,V 
• 
10 12 14 16 18 20 22 24 
Pei mm Hg - A,V Sequence 
26 
Graph of Pei values obtained from paired A,V and 
V,A sequences. Pei values from the A,V sequences are 
plotted along the abscissa and the Pei values obtained 
from the V,A sequences are plotted along the ordinate. 
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V,A procedure was performed before the A,V procedure. In 
all but one case, the P values obtained from the V,A 
c. 
1 
procedure were higher than P values obtained from the 
c. 
A,V procedure. 
1 
The mean P determined from the V,A pro-c. 
1 
cedure was 17.7 + 0.9 mm Hg, whereas the P derived from c. 
1 
A,V procedure was 15.2 + 1.1 mm Hg. This difference was 
statistically significant (p<.01) according to the Wil-
coxon matched-pairs signed-ranks test. Figure 6 shows 
that this difference in P value was independent of the 
c. 
1 
order in which the V,A and A,V procedures were performed. 
The P values discussed until now all were deter-
c. 
1 
mined from the capillary and venous relationships expressed 
by Equation 8, 
p 
c. 
1 
= p 
v. 
1 
However, for each V,A and A,V sequence, a P value could 
c. 
1 
also have been determined from arterial and capillary re-
lation~hips expressed by Equation 6, 
p 
c. 
1 
= p 
a. 
1 
- F R 
a. 
1 
where P is arterial pressure under isogravimetric con-
a. 
1 
ditions, P is isogravimetric capillary pressure, F is 
c. 
1 
flow and R is arterial flow resistance. Pressure-flow 
a 
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graphs were constructed for both expressions. As in Fig-
ure 4, flow in ml/min was plotted along the abscissa and 
the arterial or venous pressure was plotted along the or-
dinate. Extrapolation of the resulting non-linear curves 
to the point of zero flow should provide the estimated 
P value. Figure 7 presents data from 13 experiments c. 
1 
consisting of paired A,V and V,A sequences in which the 
P values were estimated from both arterial and venous c. 
1 
pressure data (Equations 6 and 8). P values deter-c. 
1 
mined from the venous relationships were plotted along 
the abscissa; P values, determined from the arterial 
c. 
1 
relationships were plotted along the ordinate. The 45° 
line represents the line of equality. Closed circles 
represent P values determined from data obtained by 
c. 
1 
the A,V procedures and closed squares represent P val-
e. 
1 
ues determined from the V,A sequences. Fourteen of the 
26 points lie close to the line of equality. This indi-
cates that in 54% of the cases, the P values were com-
e. 
1 
parable when determined from both the arterial and venous 
pressure relationships. In the remaining 46% of the 
cases, P values determined from the arterial relation-
c. 
1 
ships, were markedly higher than those obtained from the 
FIGURE 7 
COMPARISON OF Pei VALUES OBTAINED FROM BOTH 
ARTERIAL AND VENOUS RELATIONSHIPS 
UNTREATED 
• A,V 
• V,A 
• 
30 • • • 
• 
• 
• • 
• 
Ill 20 • • a: • u.. 
I 
Ill 
ll. 
II • 
u 
-: ll. 
10 
• 
10 20 30 
Pei = PVj + FRv 
Comparison of Pc· values estimated from arterial 
and venous relationship§. Pei values determined from 
venous relationships are plotted along the abscissa and 
Pei values determined from arterial relationships are 
plotted along the ordinate. 
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venous relationships. These differences were independent 
of the sequence of paired pressure alterations as indi-
cated by the distribution of closed circles (A,V se-
quences) and closed squares (V,A sequences). 
Figure 8 represents a distribution curve drawn 
for the P values shown in Figure 7. c. 
1 
P values deter-c. 
i 
mined by a plot of Equation 8 (venous relationships) 
ranged from 8 to 20 mm Hg. One major peak appeared at 
about 14 mm Hg. P values determined by a plot of 
c. 
1 
Equation 6 (arterial relationships) is widely distrib-
uted. The pressures ranged from 6 to 35 mm Hg with a 
mode at 11 mm Hg. 
Figure 7 indicates that approximately 54% of the 
estimations of P are similar when determined by means c. 
1 
of the arterial and venous relationships. In the re-
maining cases, the estimation of P from arterial pa-
c. 
1 
rameters was greater than the estimation of P from 
c. 
1 
venous parameters. In the latter cases, flow fell to 
very low levels, in spite of a persistent arterial-ve-
nous pressure gradient. This observation suggests that 
complete closure of precapillary vessels might have 
occurred. Closure of precapillary vessels would not 
interfer with estimates of Pc· by means of venous 
1 
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FIGURE 8 
DISTRIBUTION OF Pei VALUES IN THE 
UNTREATED STATE 
UNTREATED 
Distribution of Pei Values 
• • = Pei = Pvi + FRv 
x·--·x =Pei =Pai - FRa 
·-· 
.Ji ~. 
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I \ JI\ \ #, ~~ 
x~ •i \ .x x ,x 
I .,.x I• 'x·' I ~~x' ·~·x__J 
10 20 30 40 
Pei mm Hg 
Distribution of Pei values determined by venous 
relationships and arterial relationships in the untreated 
state. 
parameters. In these cases venous pressure was elevated 
to balance the filtration forces across the capillary 
and establish a constant weight state. Determinations 
of P by means of arterial parameters would be inaccu-
c. 
1 
rate. Therefore the P values used in this study were 
c. 
1 
estimated only from the venous parameters. 
B. Effects of KCN 
Addition of KCN to the blood perfusing the dog 
forearm permitted analysis of vascular function after 
effective relaxation of smooth muscle. KCN prepara-
tions differed from untreated preparations in two ways. 
First, the differences in P and arterial and venous c. 
1 
resistance differences between A,V and V,A sequences 
were markedly reduced after the addition of KCN. Se-
cond, the mean estimated P was several mm Hg higher 
c. 
1 
after the addition of KCN. Figure 9 presents data com-
paring P values determined in the A,V and V,A se-
c. 
1 
quences. The left panel presents data obtained in the 
untreated state. This Figure was shown previously as 
Figure 6; it is presented here for contrast. The right 
panel presents P values obtained from the same prep-
c. 
1 
arations after inactivation of the muscle with KCN. The 
P values obtained from the A,V procedures ·are plotted 
c. 
1 
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FIGURE 9 
COMPARISON OF Pc· VALUES OBTAINED IN A,V AND V,A 
1. 
SEQUENCES AFTER KCN 
UNTREATED KCN 
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V,A = 17.7 mm Hg 
A,V = 15.2mm Hg 
e A,V then V,A 
• V,A then A,V 
V,A = 18.9 mm Hg 
A,V = 19.2 mm Hg 
diff. = -0.3 
o A,V then V,A 
.D V,A then A,V 
diff. = 2.5 
P..:::.01 P = n.s. 
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Pei mm Hg - A, V Sequence Pei mm Hg· A,V Sequence 
Comparison of Pei values determined in the A,V 
and V,A sequences. The Pei values obtained from the 
A,V sequences are plotted along the abscissa and the 
Pei values obtained from the V,A sequences are plotted 
along the ordinate. The left panel contains data ob-
tained in the untreated state; the right panel contains 
data obtained after KCN. 
along the abscissa and the P values obtained from the 
c. 
1 
V,A procedure are plotted along the ordinate. The 45° 
line represents the line of equality. After KCN, most 
of the data points fall close to the line of equality. 
This may be contrasted with the data obtained in the un-
treated state shown in the left panel, where P values 
c. 
1 
obtained in the V,A sequence are higher than that ob-
tained by the A,V sequence. The average P values ob-
c. 
1 
tained after treatment with KCN are shown in the right 
panel of Figure 9. The mean isogravimetric capillary 
pressure derived from the V,A procedure was 18.8 mm Hg. 
The mean P value derived from the A,V procedure was 
c. 
1 
19.2 mm Hg. The difference between the P 's obtained 
c. 
1 
from V,A and A,V sequences after KCN was not statisti-
cally significant as determined by the Wilcoxon matched-
pairs, signed-rank test. In both panels the circles re-
present experiments in which the A,V sequence was per-
formed before the V,A sequence; the squares represent 
experiments in which the V,A sequence was performed 
before the A,V sequence. It is apparent from the dis-
tribution of circles and of squares that, in both the 
untreated state and after relaxation of the muscle with 
KCN, the sequence of A,V and V,A procedures had no 
86 
systematic effect upon the estimated P • Table I, pre-
c. 
1 
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sented earlier contains the P values obtained from both c. 
1 
untreated and KCN-relaxed preparations. Examination of 
the paired data in Table I reveals that in all but two 
cases listed under the V,A sequence column, the P val-
e. 
1 
ues after KCN were higher than in the untreated state. 
In one dog forearm preparation, the A,V and V,A 
sequences were repeated twice in the untreated state and 
three times after the addition of KCN. The experimental 
series was performed according to the order indicated in 
Figure 10. An average of 10 minutes elapsed between se-
quences; the entire series took approximately one hour 
to complete. In the untreated state the average P was 
c. 
1 
16.9 mm Hg for the A,V sequence, and 20.1 mm Hg for the 
V,A sequence. After the addition of KCN, the average 
P of the A,V sequence was 20.2 mm Hg in comparison to 
c. 
1 
19.8 mm Hg for the V,A sequences. The A,V and V,A val-
ues after KCN were found to be not statistically signi-
ficant according to the Student t test. 
Figure 11 compares the P 's obtained from venous 
c. 
1 
and arterial relationships after inactivation of the mus-
cle with KCN. In this Figure, P , as determined from 
c. 
1 
25 
23 
Cl 21 
:I: 
E 
E 
it. 19 
17 
15 
0 
FIGURE 10 
CONSECUTIVE A,V AND V,A SEQUENCES AFTER KCN 
UNTREATED 
V,A 
30 
Mean 
V,A 
Mean 
A,V 
A,V 
60 
Minutes 
UNTREATED 
A,V mean Pei = 16.9 mm Hg 
V,A mean Pei = 20.1 mm Hg 
KCN 
A, V mean Pei = 20.2 ± .5 mm Hg 
V,A mean Pei = 19.8 ± .4 mm Hg 
P =n.s. 
KCN 
V,A 
90 120 
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Pc· values obtained from 3 consecutive A,V and V,A 
sequences 1 after addition of KCN. Pei values obtained from 
both sequences in the untreated state are shown for the 
purpose of comparison. 
FIGURE 11 
COMPARISON OF Pei VALUES OBTAINED FROM BOTH ARTERIAL 
AND VENOUS RELATIONSHIPS AFTER KCN 
UNTREATED 
• 
30 • • 
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Pc1 • PY1 + FRv 
o A,V 
CV,A 
30 
Comparison of Pei values obtained from arterial 
and venous relationships in the untreated state (left 
panel) and after KCN (right panel). Pei values deter-
mined from venous relationships are plotted along the 
ordinate. 
89 
the venous relationship, is plotted along the abscissa; 
P , as determined from the arterial relationship, is c. 
1 
plotted along the ordinate. The 45° line represents the 
line of equality. The open circles represent estimated 
P values determined from data obtained by A,V proce-c. 
1 
dure. The open squares represent estimated P values 
c. 
1 
determined from data obtained by the V,A procedure. 
Twenty-one of the 26 points lie close to the line of 
equality. Thus, after KCN, estimated of P determined 
c. 
1 
from venous and arterial pressure relationships tend to 
be of similar value. This is in contrast to the com-
parison between P values obtained from venous and ar-
c. 
1 
terial pressure relationships in the untreated state 
(Figure 11, left panel). 
Figure 12 presents a distribution curve for the 
P values after KCN. 
c. 
1 
The P values determined from 
c. 
1 
the venous relationship fell between 12 and 24 mm Hg, 
whereas the P values determined from the arterial c. 
1 
relationship varied between 10 and 26 mm Hg. The modal 
values were similar for arterial (19-23 mm Hg) and ve-
nous relationships (19 mm Hg). 
Addition of KCN to the preparation considerably 
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FIGURE 12 
DISTRIBUTION OF Pc· VALUES OBTAINED AFTER KCN 
l. 
Distribution of Pei Values 
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Distribution of Pei values determined from the 
arterial and venous relationships after addition of KCN. 
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I 
40 
narrowed the range of P values determined from the ar-c. 
1 
terial relationship. In comparison with the untreated 
state, the range of values obtained in the untreated 
state was 6 to 35 mm Hg. After the addition of KCN, the 
range of P values was 10 to 26 mm Hg. This closely 
c. 
1 
agreed with the P values determined after KCN ·from the 
c. 
1 
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venous relationship. Moreover, after KCN, there appeared 
to be one major peak in the number of P values as de-
e. 
1 
termined from the arterial relationship, in contrast with 
the widely spread and numerous peaks noted in the un-
treated state. Addition of KCN to the preparation did 
not affect the size of the range of P values deter-
c. 
1 
mined from the equation for venous parameters. In the 
untreated state and after treatment with KCN the range 
was 12 mm Hg. However, after KCN, the venous distribu-
tion curve was shifted to the right elevating the mean 
P from 14.0 mm Hg in the untreated state to 19.0 mm Hg 
c. 
1 
after KCN. 
After KCN, pressure-flow curves no longer varied 
according to the experimental sequence performed. Fig-
ure 13 presents data taken from a preparation in which 
the A,V and V,A sequences were performed. As observed 
earlier, flow is plotted along the abscissa and venous 
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FIGURE 13 
VENOUS PRESSURE-FLOW CURVES OBTAINED IN THE 
KCN ISOGRAVIMETRIC STATE 
22 KCN 
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Graph of the equation Pvi = Pei - F Rv in which 
flow is plotted against venous pressure. Data for the 
A,V and V,A sequence were obtained after addition of KCN. 
The shape of the curves, i.e. convex to the flow axis, 
indicates that venous resistance increased in both se-
quences. 
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pressure is plotted along the ordinate. In this case, 
as in the majority of cases after KCN, a curve, convex 
to the flow axis resulted. The shape of the curve was 
approximately the same for both the A,V and V,A sequences. 
The slopes of these lines indicate that venous resistance 
increased as flow approached zero, a period when venous 
pressure was increased. Examination of many such curves 
revealed that frequently a straight line described the 
curve at high flow rates. Then, as the A-V pressure 
gradient was decreased and flow below 2 or 3 ml/min was 
recorded, the curve became convex to the flow axis. 
In an attempt to understand the venous resistance 
changes observed during the KCN isogravimetric sequences 
in which arterial pressure was decreased and venous pres-
sure was increased, simple pressure-flow curves were ob-
tained. In these experiments, step increases and step 
decreases in arterial pressure were made while outflow 
venous pressure was left open to atmosphere. These 
step changes in arterial pressure were performed, first 
in the untreated state, and then after the addition of 
KCN. Figure 14 illustrates data for one of these experi-
ments. In the untreated state, hysteretic arterial pres-
sure-flow curves were obtained. The shape of these 
curves resembles the "autoregulatory" pressure-flow 
c 
.E 
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E 
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9 
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FIGURE 14 
PRESSURE-FLOW CURVES IN THE UNTREATED 
STATE AND AFTER KCN 
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ARTERIAL PRESSURE mmHg VENOUS PRESSURE mmHg 
Pressure-flow curves obtained in the untreated 
state and after addition of KCN. Step increases and step 
decreases in arterial pressure were performed. Outflow 
venous pressure was left open to atmosphere. In the un-
treated state, changes in venous pressure were minimal 
and therefore not plotted on the curve. The venous pres-
sure-flow curve after KCN demonstrates the magnitude of 
arterial pressure transmitted through the maximally dia-
lated vasculature. 
25 
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curves of Stainsby and Renkin (1961). Venous pressure-
flow curves are not shown because venous pressure changed 
minimally in the untreated state. After KCN, non-hys-
teretic arterial pressure-flow curves were obtained. 
These are similar to the "passive" pressure-flow curves 
of Stainsby and Renkin (1961). The venous pressure-flow 
curve demonstrates the magnitude of arterial pressure 
transmitted through the forelimb vasculature and re-
corded as a passive increase in venous outflow pressure. 
At. high flow rates, both the arterial and venous 
pressure-flow curves were virtually linear. This is 
characteristic of a rigid tube and implies maximal dis-
tention of the vasculature. In contrast, at low flows, 
i.e., below 2 ml/min, each step decrease in arterial 
pressure produced small changes in flow. Total resist-
ance, arterial resistance and venous resistance began 
to increase markedly. This increase in resistance may 
have been associated with a decrease in vessel caliber 
due to the decrease in transmural pressure. Moreover, 
this increase in resistance may have been associated 
with an increase in the viscosity of blood OVhittaker 
and Winton, 1933; Haynes and Burton, 1959). Lowering 
the pressure gradient across the vasculature would result 
in a decrease in the velocity of flow across the vascular 
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system. Thus, the apparent viscosity of blood would be 
elevated at these lower rates of flow. Resistance, which 
is directly dependent upon viscosity, would increase. 
C. Resistance 
1. Total Resistance 
Total flow resistance (Rt) was calculated as: 
Pa - Pv 
R = t F (10) 
where Pa is arterial pressure, Pv is venous pressure and 
F is flow. Three types of total resistance behavior were 
distinguished in the untreated isogravimetric A,V and 
V,A experiments. These are illustrated diagrammatically 
in Figure 15. A-V pressure gradient is plotted along 
the abscissa and total resistance is plotted along the 
ordinate. With type I behavior, total resistance de-
creased as the A-V pressure gradient delivered to the 
preparation was reduced. Since the arterial pressure 
was lowered during this process, a decrease in flow re-
sistance implies a gradual release of precapillary ac-
tive smooth muscle tone, i.e. an autoregulatory vasodi-
lation as the transrnural pressure was reduced. With 
type II behavior, total resistance increased as the A-V 
pressure gradient delivered to the preparation was re-
duced. Since arterial pressure was progressively lowered 
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FIGURE 15 
DIAGRAMMATIC TOTAL PRESSURE-RESISTANCE CURVES 
Type1 Type2 Type3 
--------- A-V Pressure Gradient---------. 
Diagrammatic illustration of the three types of 
total resistance changes observed during the isogravi-
metric A,V and V,A sequences. 
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in isogravimetric experiments, one would expect an in-
crease in total resistance as the precapillary vascu-
lature passively, and perhaps actively, collapsed. Fi-
nally, with type III behavior, there was a small increase 
or a small decrease in total resistance as the A-V pres-
sure gradient was reduced. Type III resistance changes 
generally were small in magnitude and inconsistent in 
occurrence. 
Table II presents the distribution of total re-
sistance patterns for 45 A,V and 44 V,A sequences. 
These data show that the majority of experiments in 
the untreated state (58%) fell into the type I cate-
gory. The majority of these untreated preparations 
exhibited some degree of autoregulatory activity. 
After addition of KCN to the preparation the majority 
of experiments (69.2%) fell into the type II (passive) 
category. These preparations clearly exhibited an in-
crease in total resistance as the A-V pressure gradient 
was reduced, demonstrating that the autoregulatory type 
activity observed in untreated preparations was con-
verted to passive vessel retraction after the addition 
of KCN. Only 5 cases (19.2%) remained in the active 
type I category after KCN. Three cases (11.5%) were 
listed in type III category. These sequences exhibited 
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TABLE II 
PATTERNS OF TOTAL RESISTANCE 
Untreated 
A,V V,A 
Type I Type II Type III Type I Type II Type III 
i-RT tRT No!::.~ i-R tRT No!::. ~ T 
Number of 
Experiments 31 6 8 21 10 13 
Percent of 
Experiments 68.9% 13.3% 17.8% 47.7% 22.7% 29.5% 
Combined A,V and V,A Sequences 
+R = T 58.4% 
tR = T 18. 0% 
No !::. R = T 23.6% 
KCN 
A,V V,A 
Type I Type II Type III Type I Type II Type III 
+RT tR No !::. RT +RT tR No!::. RT T T 
Number of 
Experiments 2 9 2 3 9 1 
Percent of 
Experiments 15.4% 69.2% 15.4% 23.1% 69.2% 7.7% 
Combined A,V and V,A Sequences 
+R = 19.2% T 
tR = T 69.2% 
No !::. R = T 11.5% 
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extremely small increases or decreases in total resist-
ance during the isogravimetric sequence. It should be 
noted that in these three cases the isogravimetric ser-
ies was completed before a flow of approximately 2 ml/ 
min was recorded. The small changes in resistance are 
associated with a maximally distended vascular system. 
2. Arterial Resistance 
Arterial resistance for each isogravimetric state 
in both A,V and V,A sequences were calculated by sub-
tracting venous resistance from total resistance. 
R = R - R 
a t v 
Venous resistance (Rv) was computed as: 
p 
c. 
1 
- p 
v 
F 
(11) 
(12) 
where P is venous pressure, P is isogravimetric capil-
v c. 
1 
lary pressure, and F is flow. Each of these parameters 
was obtained under isogravimetric conditions. In gen-
eral, arterial resistance changes resembled total re-
sistance changes. This was expected since total resist-
ance is comprised largely of arterial resistance. Thus, 
for both untreated and KCN-relaxed preparations, arter-
ial resistance changes may be grouped according to the 
three categories shown in Figure 15 for total resistance. 
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3. Venous Resistance 
Venous resistance was computed according to Equa-
tion 12. Four types of venous resistance patterns were 
observed in untreated isogravimetric A,V and V,A se-
quences. These are illustrated diagrammatically in Fig-
ure 16. Flow is plotted along the abscissa and venous 
pressure is plotted along the ordinate. The slopes of 
the flow-pressure lines shown in Figure 16 are equal to 
the resistance changes. Venous resistances are plotted 
as a function of A-V pressure gradient in Figure 17. 
With type I behavior, venous resistance decreased as 
the A-V pressure gradient (i.e., flow) of the isogra-
vimetric experiment was reduced. The pressure-flow 
curve (Figure 16) was concave to the flow axis. Since 
the venous pressure was progressively elevated during 
the procedure, decreasing venous resistance indicates 
a gradual distention of the veins. The pattern re-
sembled a passive elastic behavior. The type II ve-
nous resistance response was variable; there was no 
consistent pattern of change. Initially venous resist-
ance might increase but then decrease. The opposite 
also was observed. This type of response resulted in 
sigmoid-shaped curves. In the type III venous resist-
ance response, a linear pressure-flow relationship 
CD .. 
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FIGURE 16 
DIAGRAMMATIC VENOUS PRESSURE-FLOW CURVES 
Flow 
Diagrammatic illustration of the 4 types of ve-
nous pressure-flow curves obtained from a plot of the 
relationship P = P - F Rv. 
v c. 
l. 
103 
8 
c 
cu 
't; 
'i 
a: 
fl) 
:I 
0 
c 
G> 
> 
FIGURE 17 
DIAGRAMMATIC VENOUS PRESSURE-RESISTANCE CURVES 
Type1 Type2 Type3 Type4 
--------- A-V Pressure Gradient--------~ 
Diagrammatic illustration of the 4 types of ve-
nous resistance changes observed during the isogravime-
tric A,V and V,A sequences. 
104 
105 
resulted indicating that venous resistance did not change 
as venous pressure was increased during the isogravime-
tric sequence. In the type IV pattern, venous resist-
ance increased as the A-V pressure gradient was decreased 
(although venous pressure was increased). This type of 
response resulted in a curve convex to the flow axis 
(Figure 16). The observation of constant venous resist-
ance (type III) or rising venous resistance (type IV) 
during increases of venous pressure implies active mus-
cular responses. 
Table III presents the distribution of venous re-
sistance responses for 66 A,V sequences and 55 V,A se-
quences performed on 37 dog forearm preparations in the 
untreated state. It is evident that, in the untreated 
state, a large proportion of venous resistance responses 
during both A,V and V,A sequences can be classified as 
type II, i.e. inconsistent response pattern. Experi-
ments were classified as type II unless the curve was 
unquestionably linear, concave, or convex to the flow 
axis. About 30% of the A,V sequences exhibited active 
muscular post-capillary constriction (type III and IV) 
when the venous pressure was elevated. Only 13.6% fell 
into the passive type I category. By contrast, 23.6% 
of the V,A sequences fell into the active type III and 
Type 
Total 
Percent 
Type 
Total 
Percent 
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TABLE III 
DISTRIBUTION OF VENOUS RESISTANCE RESPONSES 
I 
9 
13.6% 
I 
Untreated 
A,V Sequence 
II III IV I 
37 1 19 22 
56.0% 1.5% 28.7% 40.0% 
II III IV 
13 
100. 0% 
KCN 
I 
1 
7.7% 
V,A Sequence 
II III 
20 8 
36.4% 14.5% 
II III 
IV 
5 
9.1% 
IV 
2 
15.4% 
1 9 
7.7% 69.2% 
IV categories, but up to 40% fell into the passive type 
I category. Thus, post-capillary smooth muscle activ-
ity was observed in a larger percentage of A,V experi-
ments than in V,A experiments. 
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Addition of KCN to the preparation, as shown by 
the lower half of Table III, had a dramatic effect upon 
the pattern of venous resistance changes. One hundred 
percent of the A,V sequences and 69.2% of the V,A se-
quences exhibited a slight increase in venous resist-
ance as A-V pressure gradient decreased during the iso-
gravimetric studies. Increasing venous resistance {type 
IV) in the untreated state implied an active muscular 
response. However, addition of KCN relaxed vascular 
smooth muscle and presumably resulted in maximally di-
lated vessels. It is apparent from the data in Figure 
14 that at high flows the vascular system was fully dis-
tended. Passive retraction of the vasculature did not 
occur until low inf low arterial pressures and therefore 
low transmural pressures were recorded. These pressures 
were associated with flows below 2 ml/min. According to 
Figure 14, approximately 40% of each step arterial pres-
sure reduction was transmitted through the KCN-relaxed 
arterial system to the venous system. During the iso-
gravimetric sequences after KCN, elevations of venous 
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pressure at high flows (above 2 ml/min) would increase 
venous transmural pressure. However, this pressure in-
crement probably did not significantly distend the venous 
vaseulature. At flows below 2 ml/min decrements in ar-
terial pressure permitted the passive retraction of ves~ 
sel caliber throughout the entire forelimb vascular sys-
tem. Venous pressure increments usually no more than 5 
mm Hg could increase venous transmural pressure without 
fully redistending the venous vasculature. This would 
result in a net decrease in venous dimensions and an in-
crease in venous resistance. 
Another possible explanation for the increase in 
venous resistance would be due to an apparent increase 
in the viscosity of blood (Whittaker and Winton, 1933; 
Haynes and Burton, 1959). According to the data con-
tained in Tables IV and V, the pressure gradient across 
the vascular system at 1 ml/min flow was approximately 
7.8 mm Hg. In the KCN-relaxed preparation, most precap-
illary sphincters probably were dilated. In the light 
of a small pressure gradient across a maximal surf ace 
area, flow velocity would be lower at this time than 
at any other time during the experiment. Apparent vis-
cosity of blood increases markedly as flow velocity de-
creases. 
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The relative contribution of these proposed me-
chanisms is unknown. Either would contribute to an in-
crease in resistance. This would explain the small (usu-
ally about 0.2 PRU) increase in venous resistance ob-
served after addition of KCN during the isogravimetric 
sequences. 
The data obtained from the experiments listed in 
Table I were used to compare arterial and venous resist-
ances in the A,V and V,A sequences before and after the 
addition of KCN. These measures were evaluated at 1 ml/ 
min flow by interpolating each individual pressure-flow 
curve. This point was chosen because the blood flow of 
1 ml/min was within the range of all experimentally de-
termined isogravimetric pressures and flows, and did 
not require extrapolation beyond the range of data 
points. For this analysis, P values obtained after 
c. 
' 1 
KCN from each individual A,V and V,A sequence were used 
to calculate arterial and venous resistance according 
to Equations 6 and 8. P values obtained during per-
c. 
1 
fusion with KCN were used instead of P values obtained 
c. 
1 
in each individual, untreated sequence for the following 
reasons. (1) Whole blood used to perfuse the forearm 
preparation in both the untreated and KCN studies was 
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drawn from the same donor animal. It may be assumed that 
the colloid osmotic pressure of the blood was the same 
for both conditions. (2) KCN added to the blood reduced 
resistance, thereby minimizing the influence of precap-
illary and postcapillary smooth muscle tone upon the 
values computed for P 
c. 
l. 
These KCN P values were 
c. 
l. 
termed "true" P and were interpreted as the value 
c. 
l. 
which, in the presence of minimal vascular muscle tone, 
probably most closely approximated the net colloid os-
motic pressure of the plasma proteins. 
Table IV presents the data for the analysis of 
arterial pressure and arterial resistance at 1 ml/min 
flow using "true" P values. The mean arterial re-
c. 
l. 
sistance values for the A,V and V,A sequences were ap-
proximately equal and did not exhibit statistical sig-
nificance, as evaluated by the Wilcoxon matched-pairs, 
signed-rank test. Similarly, the arterial pressure re-
quired to maintain the isogravimetric state at 1 ml/min 
flow in both sequences were equivalent and did not ex-
hibit a statistically significant difference according 
to the Wilcoxon test. These data suggest that any dif-
ference between the mean P values as determined from 
c. 
1 
the A,V and V,A sequences cannot be attributed to 
TABLE IV 
ARTERIAL PARAMETERS UNDER ISOGRAVIMETRIC CONDITIONS 
DETERMINED AT l ML/MIN FLOW 
Untreated KCN 
A,V V,A A,V V,A 
Preparation Pa Ra Pa Ra Pa Ra Pa Ra 
1 28.0 9.6 14.5 -- 21.0 4.4 22.7 4.9 
20.5 3.9 20.0 1.9 21.3 2.9 23.3 5.2 
2 34. 5 20.0 37.5 25.4 32.0 16.6 30.5 18.3 
35.0 18.5 39.7 26.8 35.0 18.5 32.0 19.l 
3 20.7 2.0 18.0 0.5 22.0 3.3 23.0 5.4 
65.3 45.8 11.0 -- 23.3 3.7 21.0 3.7 
4 38.3 16.2 49.3 25.4 25.5 3.4 24.5 0.6 
36.5 14.7 30.0 7.5 22.3 2.7 24.0 1.5 
5 25.0 2.0 43.0 17.8 22.3 
--
29.5 4.3 
6 14.5 
--
20. 7 2.7 21.3 3.5 21.3 10.3 
7 32.3 10.6 20.5 -- 30.7 9.0 35.5 13.7 
25.0 5.1 19.9 0.2 25.5 5.6 25.7 5.a 
8 20.3 1. 7 20. 3 2.0 24.0 5.4 23.S 5.2 
Mean 30.5+3.6 12.5+3.7 26.5+3.5 11. 0+2.9 25 .l+l. 3 6.6+1.5 26.4+1. 2 7 .S+l. 7 ..... 
...... 
and ...... 
< p=n.s. > < p=n.s. > 
Standard 
Error < p=n.s. > < p=n.s. i> 
precapillary smooth muscle tone. 
Table V presents the venous relationships in the 
untreated state and after KCN for the A,V and V,A se-
quences at 1 ml/min flow using "true" P values. The 
c. 
1 
differences between the mean values for venous pressure 
and venous resistance were statistically significant 
(p<.01) for the untreated A,V and V,A sequences. In 
the untreated state, it was observed that a higher mean 
venous resistance occurred in the A,V sequence than in 
the V,A sequence and that this was coupled with a lower 
venous pressure at 1 ml/min flow. 
After the addition of KCN to the blood perfusing 
the forearm preparations, the differences between A,V 
and V,A sequences were eliminated as is evident in 
Tables IV and V. There were no statistically signifi-
cant differences between the A,V and V,A sequences 
with respect to venous pressure, venous resistance, 
arterial pressure, arterial resistance or P values. 
c. 
1 
D. Filtration 
Every forearm preparation gained weight between 
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the onset and the conclusion of a series of experiments. 
Earlier isotope studies (Lund, 1969) demonstrated that 
virtually no net transfer of fluids occurred during the 
isogravimetric states. However, following each 
TABLE V 
VENOUS PARAMETERS UNDER ISOGRAVIMETRIC CONDITIONS 
DETERMINED AT l ML/MIN FLOW 
Untreated KCN 
A,V V,A A-,V V,A 
Preparation Pv Rv Pv Rv Pv Rv Pv Rv 
1 6.4 10.2 9.2 8.7 13.8 2.8 16.l 1.7 
9.1 9.3 10.3 7.8 16.7 1. 7 16.8 1.3 
2 7.4 8.0 12.9 -- 14.0 1.4 12.0 0.2 
9.3 7.2 12.7 0.2 14.9 1.6 12.5 0.4 
3 11.3 7.4 14.5 3.0 17.6 1.1 18.7 0.9 
9.1 10.4 13.1 6.4 19.0 0.6 17.1 0.2 
4 14.4 7.7 16.5 7.4 20.6 1.5 21.8 2.1 
13.2 8.6 14.7 7.8 19.7 2.1 21. 7 0.8 
5 20.5 2.5 20.7 4.5 21.9 1.1 23.4 1.8 
6 13.8 4.0 16.4 1.6 15.9 1.9 17.2 0.8 
7 16.l 5.6 18.0 3.0 20.2 1.5 18.6 2.4 
14.4 5.5 16.5 3.2 19.0 0.7 17.1 2.8 
8 16.4 2.2 16.2 2.1 18.0 0.6 17.2 1.1 
Mean 12.4+1.l 6.8+.8 14.7+.8 4.5+.8 17.8+.7 1.4+.2 17.7+.9 1.3+.2 .... .... 
w 
and p<.01 < » < p=n.s. » 
Standard 
Error < . 01 » < p=n.s. » 
lH 
isogravimetric determination, venous outflow pressure and 
blood flow rose well above the previous control level. 
During this period of reactive hyperemia, isogravimetric 
capillary pressure was not maintained and some net weight 
gain was recorded. This weight gain may be attributed 
to net filtration (Nagle et al., 1971). On the other 
hand, a part of the gain also could be attributed to a 
vascular volume change. In comparison to the previous 
control state, slight variations in the control pres-
sure and/or resulting flow were observed in reestablish-
ing a state of no weight change within the preparation. 
Therefore, a series of experiments were undertaken to 
examine the effect of a deliberate and measured filtra-
tion upon the A,V and V,A sequences. 
Twenty-one experiments conducted with 13 sep-
arate preparations were performed. The experimental 
procedure followed was the same as previously described 
for untreated preparations. Then, after the determina-
tion of P values using both the A,V and V,A sequences, 
c. 
1 
fluids were deliberately filtered into the extravascu-
lar spaces using three methods. In the first method, 
whole blood was used and filtration was produced by 
elevations of arterial and venous pressure in 5 exper-
irnents. In two other preparations, isotonic saline 
was used to produce filtration. Finally, rabbit Ringer 
solution was used to produce filtration in 6 prepara-
tions. In the last two methods, rapid filtration was 
accomplished, even with lowered arterial and venous 
pressures. 
The amount of fluid filtered was estimated from 
the weight increase of the preparation. The average 
amount of fluid filtered was 2.6 + 0.3 gm per 100 gms 
of perfused tissue. This was about 10 times the weight 
gained by each untreated preparation during the usual 
isogravimetric experiments. 
Table VI presents the means and standard errors 
for P values determined in the A,V and V,A sequences c. 
i 
optained before and after deliberate filtration. In 
the untreated state, the difference between the A,V 
and V,A sequences was 2.9 mm Hg. This was statisti-
cally significant (p<.01). After deliberate filtra-
tion, the isogravimetric capillary pressures were ele-
vated in both sequences, but the difference between 
the A,V and V,A sequences was still 2.4 mm Hg. This 
difference was statistically significant (p<.01). Ad-
dition of KCN after filtration resulted in the elimin-
ation of A,V and V,A differences; the 0.1 mm Hg differ-
ence in P values was not statistically significant. 
c. 
i 
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TABLE VI 
MEAN ISOGRAVIMETRIC CAPILLARY PRESSURES 
A,V Sequence V,A Sequ.ence 
Untreated 15.2+0.6 mm Hg 18.l:t_0.5 mm Hg 
Filtration 17.4±_0.9 mm Hg 19.8+0.5 mm Hg 
KCN 19.3+0.6 mm Hg 19.4+0.5 mm Hg 
!:,, p 
C, 
l. 
2.9 mm Hg 
p<.01 
2.4 mm Hg 
p<.01 
0.1 mm Hg 
p=n.s. 
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In a second series of experiments, ~deliberate 
net filtrations were performed after the untreated state. 
This set of filtrations consisted of 6 experiments con-
ducted upon 4 preparations. On the first filtration, 
the preparations gained a mean of 1.8 + 0.3 gms of fluid 
per 100 gms of perfused tissue. Table VII lists the 
mean values and standard errors for P pressures deter-c. 
l. 
mined in both the A,V and V,A sequences. The differences 
between them was 3.3 mm Hg in the untreated preparations 
and 3.1 mm Hg after the first period of filtration. Both 
differences were statistically significant (p<.01). Fol-
lowing a second filtration of 2.2 ~ 0.4 gms of fluid per 
100 gms of perfused tissue (total filtration of 4.0 gms 
of fluid per 100 gms of perfused tissue) the difference 
in P yalues of 3.7 mm Hg was still statistically sig-c. 
l. 
nificant (p<.01). The addition of KCN to the prepara-
tion reduced the difference between the A,V and V,A se-
quences to 0.7 mm Hg, a value which no longer exhibited 
statistical significance. The student t test was used 
to test for significance in these experiments because 
of the small number of cases. 
According to the procedure previously described, 
arterial and venous pressures required to maintain a 
flow of 1 ml/min were determined for this entire series 
TABLE VII 
MEAN ISOGRAVIMETRIC CAPILLARY PRESSURES 
A,V Sequence V,A Sequence 
Untreated 14.8+1.6 nun Hg 18.1+1.5 nun Hg 
Filtration #1 16.3+1.4 nun Hg 19.4+1.5 nun Hg 
Filtration #2 17.7.:t_l.5 nun Hg 21.4+1.8 mm Hg 
KCN 17.3+1.3 nun Hg 18.0+l.2 nun Hg 
/). p 
c. 
l. 
3.3 mm Hg 
p<.01 
3.1 mm Hg 
p<.01 
3.7 nun Hg 
p<.01 
0.7 nun Hg 
p=n.s. 
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of experiments. Arterial and venous resistances were cal-
culated for the untreated, filtration and KCN states. 
These values are listed in Appendix I, Tables IIA - IIC 
and IIIA - IIID. Tables VIII and IX summarize the mean 
values and standard errors for all the parameters calcu-
lated at 1 ml/min flow. The Wilcoxon matched-pairs, 
signed-rank test was used to evaluate statistical signi-
ficance in all cases. Of all the parameters listed in 
Table VIII, only the differences in venous pressures for 
the A,V and V,A sequences in the untreated and filtra-
tion states were statistically significantly different 
(p<.01). Contrary to previous data (Table V), the dif-
ferences between mean values for venous resistance in 
these filtration studies did not exhibit statistical 
significance. This was apparent not only between the 
A,V and V,A sequences in the untreated state, but also 
after deliberate filtration. However, in these studies, 
venous resistance was not calculated using KCN as "true" 
P , as was previously done. 
c. 
l 
Instead, P values ob-
c. 
l 
tained in the untreated, filtration and KCN experiments 
were used to compute the venous resistance under each 
of these conditions. Filtration probably altered ex-
travascular parameters of tissue pressure and tissue 
osmotic pressure. The values computed for Pei and 
TABLE VIII 
MEAN ARTERIAL AND VENOUS PARAMETERS DURING ISOGRAVIMETRIC SEQUENCES 
DETERMINED AT 1 ML/MIN FLOW 
A,V Sequence V,A Sequence 
p R p R p R p 
a a v v a a v 
Untreated 28. O+l. 7 12.7+1.8 12. 6+0. 7* 2.6+0.4 29.8+1.4 11. 7+1.5 15.3+0. 7* 
Filtration 29. l+l. 9 11. 7+0. 7 14. 5+1.1 * 2.9+0.7 31. O+l. 7 11. 2+1. 9 17. O+O. 7* 
KCN 28.4+8.0 9.3+2.3 16.9+0.9 2.4+0.5 28.l+l.9 8.8+2.3 17.0+0.7 
*Indicates statistically significant differences between 
A,V and V,A sequence (p<. 01) 
R 
v 
3.1+0.4 
2.8+0.4 
2.4+0.5 
..... 
N 
0 
TABLE IX 
MEAN ARTERIAL AND VENOUS PARAMETERS DURING ISOGRAVIMETRIC SEQUENCES 
p 
a 
Control 24 .4+1. 3 
Filtration #1 28.3+2.l 
Filtration #2 40.9+5.9 
KCN 34.3+6.3 
DETERMINED AT 1 ML/MIN FLOW 
A,V Sequence V,A Sequence 
R p R p R 
a v v a a 
9.6+2.l 12. 7+1. 7* 2.1+0.3 27. 5+1. 2 9.3+2.0 
12.0+3.4 14.2+1.6* 2.0+0.5 32.1+2.S 12.6+3.7 
23.2+6.7 15.2+1.9* 2.5+0.6 40.4+5.3 19.0+6.0 
17.0+0.7 15. 2+1. 6 2.1+0.6 34.3+5.9 16. 3+1.4 
*Indicates statistically significant difference 
between A,V and V,A sequence (p<.01) 
p 
v 
15.7+1.7* 
17.4+1.6* 
18.2+2.l* 
15.9+1.4 
R 
v 
3.0+0.S 
2.0+0.3 
3.2+0.7 
2.1+0.4 
..... 
N 
..... 
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and venous resistance are interrelated by Equation 8. 
Therefore, the presence of smooth muscle tone (untreated 
state) or altered extravascular pressures (after filtra-
tion) may have distorted the values estimated for P 
c. 
l. 
This, in turn, would have distorted the values obtained 
for venous resistance. It is understandable, therefore, 
that the difference values obtained for P and venous 
c. 
1 
resistance were somewhat inconsistent. After the addi-
tion of KCN, the differences in venous pressures be-
tween A,V and V,A sequences were eliminated. Similarly, 
for the A,V and V,A sequences, the differences between 
P , arterial pressure, venous pressure, arterial re-c. 
l. 
sistance and venous resistance, calculated for a flow 
rate of 1 ml/min were not statistically significant. 
Table IX shows data for preparations subjected to two 
repeated filtrations. In these experiments, as well, 
only the differences in venous pressures for the A,V 
and V,A sequences were statistically significant (p<.01) 
in the untreated and filtration states. This difference 
in venous pressure was abolished by addition of KCN. 
These data indicate that the differences in P and ve-
c. 
l. 
nous resistance observed earlier in the untreated state 
(Figure 4) were probably not due to covert filtration, 
and probably were due to the influence of active post-
capillary smooth muscle. 
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Finally, a comparison was made between mean val-
ues within the A,V sequences of the untreated state and 
after filtration (Table VIII}. The mean values for the 
the various parameters obtained within the V,A sequences 
of the untreated state and after filtration were examined. 
Only the venous pressures were altered significantly 
(p<.02} between the untreated state and after filtration. 
A. 
CHAPTER V 
DISCUSSION 
Comparison with P Values in the Literature c. 
1 
The isogravirnetric method (Pappenheimer and Soto-. 
Rivera, 1948) and zero flow technique (Johnson, 1965) 
have been used frequently to study the dynamics of cap-
illary exchange. Table X lists the investigators who 
have determined isogravimetric capillary pressure uti-
lizing the isolated dog limb or dog forelimb prepara-
tions. The list excludes studies conducted u·sing other 
animal preparations. Most preparations contained both 
skin and muscle. Only the preparations utilized in the 
present study and in that of Thulesius and Johnson (1966) 
were stripped of skin and, thereby contained only muscle 
and bone. Most of the investigators used the limb donor 
to perfuse their preparations, while Dietzel et al. (1970) 
and Fronek (1971) and the present investigator used a sep-
arate, artifical perfusion system. In the artificial per-
fusion systems, animals were "bled out" to provide the 
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TABLE X 
ISOGRAVIMETRIC CAPILLARY PRESSURES REPORTED 
IN THE LITERATURE 
Investigator 
Dietzel et al. (1970) 
Diana and Kaiser (1970) 
Pappenheimer and Soto-Rivera (1948) 
Lund (Present Investigation) 
Johnson et al. (1966) 
Solomon and Hinshaw (1968) 
Diana et al. (1972) 
Hanson and Johnson (1962) 
Thulesius and Johnson (1966) 
Fronek (1971) 
Preparation 
Forelimb 
Skin and Muscle 
Hindlimb 
Skin and Muscle 
Hindlimb 
Pc. Value 
1 
11. 8.:!:_l. 5 mm Hg 
13.2+4.2 
Skin and Muscle 15 
Forelimb 
Muscle 
Forelimb 
15.2+0.6 
Skin and Muscle 15.5 
Forelimb 
Skin and Muscle 15.5 
Hind limb 
Skin and Muscle 16.0 
Hindlimb 
Skin and Muscle 17.1 
Hindlimb 
Muscle 
Hindlimb 
Skin and Muscle 
17.5 
24.4+1.0 
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blood used to perfuse the limb. Despite these variations 
in experimental procedure, the mean P values in Table 
c. 
1 
X are relatively similar. Curiously, the highest and 
lowest values shown in Table X were obtained from skin 
and muscle preparations which were supplied by artif i-
cial perfusion systems. Dietzel et al. (1970), who re-
ported the lowest value, hypothesized that their value 
probably reflected lowered protein osmotic pressure of 
their perfusion blood. They cited the 1948 study of 
Pappenheimer and Soto-Rivera in which it was stated 
that "bleeding out" an animal from a major artery re-
sulted in lowered protein osmotic pressure of the 
blood. Presumably the blood plasma was diluted with 
tissue fluid during hemorrhage. Pappenheimer and Soto-
Rivera determined an average protein osmotic pressure 
of blood obtained in this manner of about 15 mm Hg. 
Neither Dietzel nor Pappenheimer and Soto-Rivera com-
mented upon the time required to collect their 500 ml 
blood perfusates. According to Walcott (1945) and Chien 
(1958), the slower the blood was obtained, the greater 
the possibility for hemodilution. 
The highest estimate of P in Table X was re-
c. 
1 
ported by Fronek (1971), who also obtained the blood 
used to perfuse the preparation by the "bleed out" me-
thod. In Fronek's experiments, blood was obtained in 
200 ml quantities, several times from the same donor 
animal during the course of an experiment. Bartelstone 
and Nasmyth (1965) showed that, in compensatory adjust-
ments to hemorrhage, small quantities of vasopressin 
prolonged the life of catecholamines. The possibility 
of hemodilution and elevated catecholamine levels could 
alter pre- and/or post-capillary resistance and thereby 
interfere with an accurate estimation of P 
c. 
J. 
The present experiments were conducted using 
blood obtained by exsanguinating a large donor animal. 
Approximately one liter of blood was obtained within 
3 to 5 minutes. In the present experiments, the col-
loid osmotic pressure of the blood was not measured. 
It was assumed that dilution of the plasma by extra-
vascular fluids was minimal since hemodilution follow-
ing massive hemorrhage is not completed for 15 minutes 
(Chien, 1958). 
The mean value computed for the isogravimetric 
capillary pressures listed in Table X is .J.6.2 mm Hg. 
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The mean P value reported in the present A,V sequences, c. . 
1. 
i.e., 15.2 mm Hg, is similar to the mean of the values 
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reported in Table X. The mean· P value obtained in the 
c. 
1 
present V,A sequences was 17.9 mm Hg. Since no other in-
vestigator performed V,A sequences these data cannot be 
compared to other published data. 
B. Validity of P 
c. 
1 
Isogravirnetric capillary pressure has been defined 
(Pappenheimer and Soto-Rivera, 1948) as the pressure equal 
to, but opposite, the colloid osmotic pressure exerted by 
the plasma proteins. Recently, Zweifach and Intaglietta 
(1971) measured, in vitro, the blood protein osmotic pres-
sures of 34 typical laboratory dogs. The mean value for 
protein osmotic pressure was 27.7 :!:. 2.4 cm H2o or 20.3 + 
1.8 mm Hg. A value of about 20 mm Hg was reported by 
Prather et al. in 1968. These authors used a flow-through 
osmometer for continuous recordings of whole blood in 
living dogs. Diana et al. (1972) used an osmometer, which 
was a modification of that described by Prather et al. 
(1968). Their measurement of the osmotic pressure of plas-
ma proteins yielded a much lower value of 15.9 + 2.0 mm Hg. 
In their 1948 paper, Pappenheimer and Soto-Rivera 
discussed the relationship between protein osmotic pres-
sure measured in vitro and the P value obtained by the 
c. 
1 
isogravirnetric method. These authors modified whole blood 
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after removing it from their animals. The osmotic pres-
sure of the blood was either deliberately lowered or el-
evated in order to compare osmotic pressures with iso-
gravimetric capillary pressure values. Their study re-
vealed that the computed value for P was slightly less c. 
l. 
than the actual osmotic pressure of plasma proteins over 
the entire range examined. This difference was attrib-
uted to the small concentration of protein in the extra-. 
vascular fluid. Pappenheimer and Soto-Rivera (1948) re-
lated P to the measured osmotic pressure by the equa-
c. 
tion: 
1. 
p 
c. 
1. 
= .957r - .56, 
P1 
where TI is osmotic pressure of plasma proteins. Solv-
P1 
ing for the ratio P , the authors assumed that the os-c. 
1. 
motic pressure of plasma proteins was equal to 25 mm Hg. 
Thus, 
p 
c. 
1. 
= • 95 - • 56 25 
Accordingly, isogravimetric capillary pressure was equal 
to 93 + 1.5% of the actual osmotic pressure value. In 
light of these data and the most recent measurements of 
130 
osmotic pressure of plasma proteins made by Zweif ach and 
Intaglietta (20.3 mm Hg), P values obtained by the iso-
c. 
l. 
gravimetric technique should be about 19.0 mm Hg. Nine-
teen mm Hg is several mm Hg higher than the mean for the 
values listed in Table X. However, it is virtually iden-
tical to that observed in the present experiments after 
KCN. 
Table I shows that the mean P value obtained in 
c. 
l. 
the A,V experiments was 19.2 + 0.7 mm Hg, and the mean 
P value obtained in the V,A experiments was 18.9 + 1.1 
c. 
l. 
mm Hg. The P values obtained after KCN probably were 
c. 
l. 
not due to the slight dilution of blood by the addition 
of KCN since only one ml of stock KCN solution was added 
per 100 ml blood. Similarly, the effect of KCN probably 
was not due to an alteration in the integrity of the cap-
illary membrane (Bayliss and Lundsgaard, 1932; Landis 
and Pappenheimer, 1963). If the addition of cyanide in-
creased capillary membrane permeability, there would be 
a loss of plasma protelns into the extravascular spaces. 
Tissue osmotic pressure would be elevated and this would 
facilitate the filtration of fluids across the capillary 
membrane. In this case, a lower hydrostatic capillary 
pressure would be required to maintain the isogravimetric 
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state. Moreover, a significant increase in membrane per-
meability would have manifested as a decrease in arterial 
pressure required to maintain an isogravimetric state. 
The mean arterial pressure required to maintain 1 ml/min 
flow after KCN was not significantly different from that 
observed in the untreated state (Tables IV and VIII). In 
the present experiments, perfusion with KCN resulted in 
the highest estimate of P 
c. 
1 
These observations argue 
against the likelihood of alterations in capillary per-
meability. Addition of KCN reduced smooth muscle tone 
and consequently reduced pre- and post-capillary resist-
ance. Such a reduction of vascular resistance would 
elevate the estimation of P values. 
c. 
1 
The P values 
c. 
1 
obtained in the untreated state undoubtedly are in er-
ror because the computation of P (Equation 7) is con-
e. 
1 
founded by venous resistance altered by venous tone. 
One may assume that there is a single capillary hydro-
static pressure required to oppose the oncotic pressure 
exerted by plasma proteins of constant concentration. 
Nevertheless, increased venous resistance will result 
in a decreased outflow venous pressure value at each 
isogravimetric state (A,V sequence, Figure 4). Compu-
tation of P using these lowered venous pressure values 
c. 
1 
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(Equation 7) then would give a deceptively low value for 
P In order to avoid this error, P values obtained c. c. 
1 1 
after KCN ("true" P ) were taken as the best estimate 
c. 
1 
of colloid osmotic pressure of blood proteins by the iso-
gravimetric technique. Therefore "true" P was utilized 
Ci 
in the determination of arterial and venous resistances 
(Equations 6 and 8). 
C. Resistance 
1. Total and Arterial Resistance 
In the present experiments, three types of total 
resistance responses were distinguished in the untreated 
isogravimetric A,V and V,A sequences. These were illus-
trated diagrammatically in Figure 15. Table II pre-
sented the relative distribution of the total resist-
ance responses for separate A,V and V,A sequences. Dis-
tributions for arterial resistance were not given be-
cause arterial resistances were distributed identically 
to total resistances. Thulesius and Johnson (1966) dis-
tinguished between three types of arterial resistance 
responses in the isogravimetric determinations of P • 
c. 
1 
In their experiments, upon dog hindlimb preparations, 
arterial pressure was decreased and venous pressure was 
subsequently elevated. This is comparable to an A,V 
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sequence in the present experiments. The data from the 
present experiments indicates that 58% of the prepara-
tions were autoregulatory (type I). This may be con-
trasted with the findings of Thulesius and Johnson who 
reported an autoregulatory response in 75% of their ex-
periments. They described preparations in which arter-
ial resistance declined with each. reduction of arterial 
pressure over the entire range of pressures. This pat-
tern was observed in 25% of their experiments. This re-
sistance behavior is comparable to the type I response 
in the present study. In other preparations, Thulesius 
and Johnson found an initial rise in arterial resistance 
or a relative lack of change in arterial resistance un-
til the arterial pressure was below 60 mm Hg. From 
that point, arterial resistance decreased. This pat-
tern was observed in 50% of their experiments. In the 
remaining 25% of their experiments, there was a pro-
gressive increase in arterial resistance over the whole 
range of arterial pressure reductions. This last group 
is comparable to 18% of the present experiments in which 
a passive arterial response was observed. Thus, the 
distribution of resistance behavior reported by Thulesius 
and Johnson is in some ways similar to that observed in 
the present experiments (Table II). 
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After addition of KCN, 81% of the resistance 
changes in both A,V and V,A sequences were classified as 
type II. Passive preparations exhibit resistance in-
creases as arterial pressure decreases. Johnson et al. 
(1966) also reported that 83% of their forelimb prepara-
tions exhibited passive total resistance responses. How-
ever, in an isolated forelimb preparation, skin accounts 
for approximately 50% of the weight and consumes 70% of 
the total blood flow (Mellander and Johansson, 1968). 
The paucity of autoregulatory responses in Johnson's 
experiments may reflect the dominance of cutaneous 
circulation. Green and Rapella (1964) have shown skin 
to be a passive vascular bed. 
Addition of KCN to the perfusing blood reduced 
total, arterial and venous resistances during perfusion 
at control pressures. Presumably, the mechanism of these 
changes was relaxation of vascular smooth muscle. This 
was exemplified by the absence of autoregulatory re-
sponses, reactive hyperemia and pressure-radius hyste-
resis (Figure 14) after KCN. The presence of these re-
sponses has been attributed to active vascular muscle 
(Stainsby and Renkin, 1961; Mellander and Johansson, 
1968; Dobrin and Rovick, 1969; Lange et al., 1971). 
Therefore, one may conclude that KCN leads to effective 
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relaxation of vascular smooth muscle. 
2. Venous Resistance 
Table III indicates that 29% of the untreated A,V 
sequences exhibited an increase in venous resistance with 
the elevation of venous pressure, whereas only 9% of the 
V,A sequences exhibited an increase in venous resistance 
with elevation in venous pressure. Increasing venous re-
sistance with elevated venous pressure indicates active 
venous muscle. Similar venous resistance patterns dur-
ing isogravimetric procedures have been reported in dog 
hindlimb (Johnson et al., 1966; Thulesius and Johnson, 
1966) and intestine (Johnson and Hanson, 1962; Hanson 
and Johnson, 1962). A local arteriovenous reflex was 
proposed to explain the venous response observed in the 
intestine. However, neither chronic denervation nor 
sympathetic blocking agents completely attenuated the 
venous resistance response, suggesting that the active 
response may actually have been myogenic in origin. In 
the present experiments, increased venous resistance 
was observed in some experiments irrespective of changes 
in arterial resistance. Similarly, both Rovick (1966) 
and Nagle et al. (1968) reported that active venous re-
sponses may occur independently of active arterial re-
sponses. 
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Forty percent of the untreated V,A sequences ex-
hibited a passive decrease in venous resistance with el-
evation in venous pressure, whereas 14% of the A,V se-
quence exhibited a passive decrease in venous resist-
ance with elevation of venous pressure. Johnson et al. 
(1966) observed similar passive venous resistance changes 
in isogravimetric studies. Passive venous resistance 
changes were also observed in non-isogravimetric studies 
utilizing deep venous_ pressure changes in forelimb (Haddy 
and Scott, 1964), intestine (Johnson, 1965) and dener-
vated gracilis muscle (Nagle et al., 1968). Some of 
these preparations contained skin and this may have ac-
counted for the passive nature of the venous responses. 
Table III reveals that each type of venous re-
sponse was obtained in both A,V and V,A sequences, al-
though active venous muscle responses occurred more 
frequently in the A,V sequences in the untreated state. 
It appears, therefore, that the pressure manipulations 
performed in the untreated A,V sequences more readily 
elicited responses characteristic of tonically active 
venous smooth muscle. One explanation is that this is 
a manifestation of pressure-radius hysteresis as is il-
lustrated diagrammatically in Figure 18. In the A,V 
sequence, lowering the arterial pressure would deliver 
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FIGURE 18 
DIAGRAMMATIC REPRESENTATION OF THE EFFECT OF 
HYSTERESIS DURING A,V AND V,A SEQUENCES 
tV ~A 
' 
+v 
During the A,V sequence, lowering arterial pressure 
would deliver some of this pressure decrement to the veins, 
permitting retraction of the venous vasculature. Elevation 
of venous pressure would distend, only slightly, the toni-
cally active veins. In the V,A sequence, initial elevation 
of venous pressure would distend the veins. Subsequent low-
ering of arterial pressure would result in partial retrac-
tion, as the veins conformed to a hysteresis loop. The 
manifestation of hysteresis would result in higher venous 
resistance in the A,V sequence in comparison to the V,A 
sequence. 
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some of this pressure decrement to the veins, permitting 
retraction of the venous vasculature. Subsequent rais-
ing of the venous pressure would distend, only slightly, 
the retracted, tonically active veins. By contrast, in 
the V,A sequence, initially raising the venous pressure 
would distend the veins. Then, subsequent lowering of 
the arterial pressure would result in partial retrac-
tion of the veins, as the venous vasculature conformed 
to a hysteresis loop. In this way, hysteresis could re-
sult in higher venous resistance in the A,V sequence 
than in the V,A sequence. As shown in Table III, the 
differences in venous resistance observed in the A,V 
and V,A sequences were abolished with KCN. This indi-
rectly supports the view that hysteresis may have been 
present, since it is well known that hysteresis is 
markedly reduced by inactivation of active muscle (Dobrin 
and Rovick, 1969; Lange et al., 1971). This also was 
shown for the preparation described in Figure 14. 
Another possible explanation for the difference in 
venous resistance observed for A,V and V,A sequences is 
that this phenomenon results from myogenicity of the ven-
ous smooth muscle. In the A,V sequences, lowering the 
arterial pressure would deliver some of this pressure de-
crement to the veins, and this would permit retraction of 
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the venous vasculature. Subsequent raising of the venous 
pressure within 5 to 10 seconds would distend the veins, 
stretch the venous muscle and elicit a myogenic contrac-
tion. The fact that the venous vasculature was permitted 
to retract prior to distention would tend to increase the 
magnitude of myogenic contraction, since it has been dem-
onstrated that the strength of contraction depends upon 
the amplitude of the applied stretch (Sparks, 1964). By 
contrast, in the V,A sequence, initially raising the ve-
nous pressure would, at the onset, distend the veins. 
But then, in 5 or 10 seconds, before myogenic contrac-
tion could develop to any significant degree, the low-
ering of arterial pressure would deliver some of this 
pressure decrement to the veins and would reduce or to-
tally remove the stimulus for a myogenic response. Thus, 
the A,V sequence would result in a net smaller venous 
caliber than would the V,A sequence. The fact that KCN 
abolished the difference in venous resistance changes 
observed in the A,V and V,A sequences provides indirect 
support for the myogenic explanation as well as the hys-
teresis explanation. The relative contribution of these 
proposed mechanisms is unknown. In any case, the ob-
servation of differences in venous resistance in the 
A,V and V,A sequences is certainly dependent upon the 
presence of venous smooth muscle, and provides an ex-
planation for the difference in P c. 
l. 
F. Filtration 
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It might be postulated that the difference between 
A,V and V,A sequences resulted from the filtration of flu-
id which occurred between consecutive isogravimetric se-
quences. In order to evaluate this postulate, a delib-
erate filtration of 2 to 5 ml of fluid was performed 
(Tables VI and VII). This volume of filtrate greatly 
exceeded that produced during A,V and V,A sequences. It, 
therefore, should have enhanced any differences. Filtra-
tion caused an elevation in the absolute P values but 
c. 
l 
did not abolish the difference observed between the A,V 
and V,A sequences. Undetected filtration cannot, then, 
have caused the differences in P values. Filtration 
c. 
l. 
studies have been performed by Pappenheimer and Soto-
Rivera (1948) and by Guyton (1965). Pappenheimer and 
Soto-Rivera found that P was relatively insensitive 
c. 
l. 
to filtrations until filtrations equal in weight to 60% 
of tissue weight had been achieved. Guyton (1965) also 
found that filtration volumes of up to 60% of tissue 
weight were required to elevate tissue pressure as mea-
sured by implanted capsules. By contrast a relative 
sensitivity of P to filtration was found in the pres-c. 
l. 
ent experiments. This can be attributed to differences 
in preparations. Both Pappenheimer and Soto-Rivera and 
Guyton's preparations contained skin. Skin is capable 
of holding large quantities of fluid at low pressure. 
141 
The forelimbs employed in the present study were skinned. 
However, forelimb muscle is encased in a tight connec-
tive tissue sheath. In comparison, the connective tis-
sue sheath surrounding the hindlimb is not as restric-
tive. Therefore, the volumes filtered in the present 
experiments could have increased tissue pressure, re-
sulting in an elevated estimate of P 
c. 
1 
The effect of 
elevated tissue pressure would be off set to some extent 
by any dilution of extravascular proteins. However, the 
differences in P mean value obtained from the A,V and 
c. 
1 
V,A sequences observed after filtration still appeared 
to be mediated by the presence of active venous smooth 
muscle because these differences were abolished by ~CN. 
CHAPTER VI 
SUMMARY AND CONCLUSION 
A number of investigators since 1949 have uti-
lized the isogravimetric technique to calculate mean cap-
illary pressure in an isolated, perfused tissue prepara-
tion. According to this method, arterial pressure is 
lowered in steps and at each step the venous pressure is 
raised. This procedure maintains the weight of the prep-
aration at a constant level and balances the forces of 
filtration and reabsorption. As long as the composition 
of the plasma of the blood perfusate remains unchanged, 
the capillary pressure determined by this method should 
remain constant. 
Contrary to results published in the literature, 
a dual set of results were obtained depending upon the 
sequence of pressure manipulations performed. (1) The 
A,V sequence, in which arterial pressure was decreased 
before venous pressure was elevated, resulted in a low 
estimate of capillary pressure. 
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(2) In comparison, the 
V,A sequence, in which venous pressure was elevated be-
fore arterial pressure was decreased, resulted in a 
higher estimate of capillary pressure. (3) Moreover, 
at 1 ml/min flow in the A,V sequence, venous resist-
ance was higher and was associated with a lower venous 
pressure than was observed at the same flow in the V,A 
sequence. The difference in resistance was attributed 
to the presence of active venous smooth muscle, which 
may have been hysteretic and possibly myogenic. 
A deliberate filtration of 2 to 5 gms of fluid 
elevated the mean P values but did not abolish the 
c. 
1 
A,V and V,A difference. Addition of KCN to relax 
smooth muscle, yielded a s~ngle P value from both 
c. 
1 
the A,V and V,A sequences. This value was higher than 
the values obtained prior to KCN treatment. Moreover, 
KCN isogravimetric sequences exhibited no differences 
in venous resistance or venous pressure at 1 ml/min 
flow. 
Therefore, it was concluded that the double set 
of data in the untreated state was due to the presence 
of active and/or myogenic post-capillary smooth muscle. 
Traditional methods used to calculate P underestimate 
c. 
l 
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plasma colloid osmotic pressure. Moreover, calculations 
144 
of venous resistance would be underestimated, since these 
calculations involve P 
c. 
1 
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APPENDIX: TABLE I 
TOTAL RESISTANCE CHANGES 
A,V Sequence V,A Sequence 
+R tR No!:!. R +R tR No!:!. R 
(34.8%) (6.7%) (8. 9%) (23 .4%) (11. 2%) (14. 6%) 
8 to 2 10 to 30 9-8-9 13 to 1 14 to so 7-6-6 
14 to 4 23 to 76 23-22-23-19 24 to 9 20 to 42 31-19 
35 to 11 11 to 23 21-23-22 40 to 15 15 to 31 18-20-16-17 
21 to 11 23 to 112 21-22-19 32 to 17 8 to 65 2-1-2 
65 to 9 23 to 52 21-36-31-32 42 to 13 20 to 32 6-6-7 
34 to 5 7 to 10 3.9-1.5 23 to 15 45 to 67 11-11-12 
27 to 4 11-10-8-11 19 to 7 20 to 85 11-10-10 
22 to 8 11-12-10-4 17 to 0.7 20 to 65 8-6-6-8 
15 to 7 16 to 7 22 to 29 27-18-22 
26 to 11 12 to 4 3-4-4-3 
23 to 5 21 to 9 11-12-11 
9 to 0.2 16 to 10 9-8-7-8 
14 to 7 22 to 6 11-13-12-11-7 
14 to 11 15 to 4 
14 to 7 10 to 6 
27 to 14 34 to 20 
19 to 5 12 to 3 
25 to 11 12 to 7 
22 to 5 31 to 22 
18 to 3 18 to 4 
10 to 8 17 to 2 
14 to 8 
6 to 3 
30 to 19 
20 to 18 
30 to 21 
14 to 5 
12 to 8 
26 to 18 
26 to 12 
20 to 4 
APPENDIX: TABLE IIA 
UNTREATED: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation p p p R R p p p R 
c. a v a v c. a v a 
1 1 
1 14.9 47.7 9.1 32.8 5.8 20.2 39.2 13.2 19.0 
15.1 43.0 10.3 27.9 4.8 16.8 40. 7 9.5 23.9 
2 13.4 24.8 11. 3 11.4 2.1 16.1 31.3 12.9 15.2 
11.0 23.5 7.7 12.5 3.3 15.0 27.1 11.8 12.8 
3 15.0 19.5 14.0 4.5 1. 0 17.9 25.0 15.9 7.1 
14.7 20.0 13.8 5.3 0.9 16.9 23.5 14.9 6.6 
4 14.1 33.0 11.5 18.9 2.6 15.6 33.3 10.0 17.7 
14.3 27.5 10.9 13.2 3.4 17.0 31.3 14.2 14.3 
5 17.2 29.8 14.3 12.6 2.9 18.0 38.0 16.5 20.0 
15.8 28.3 15.5 12.5 0.3 18.0 35.8 17.4 17.8 
6 16.5 20.5 16.3 4.0 0.2 17.3 20.5 16.2 3.2 
7 13.9 -- 13.8 -- 0.1 16.8 21.0 16.5 4.2 
R 
v 
7.0 
7.3 
3.2 
3.2 
2.0 
2.0 
5.6 
2.8 
1.5 
0.6 
1.1 
0.3 
)' 
I 
I-" 
.i::.. 
°' 
APPENDIX: TABLE IIA (continued) 
UNTREATED: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation p p p R R p p p R 
c. a v a v c. a v a 
l. l. 
8 16.l 37.5 9.1 21.4 6.9 20.l 39.0 16.0 18.9 
9 15.8 18.8 14.9 3.0 0.9 19.7 25.0 18.4 5.3 
16.l 21.3 15.2 5.2 0.9 19. 2 22.8 17.5 3.6 
10 17.5 24.0 14.3 6.5 3.2 19.0 23.8 16.2 4.8 
11 15.6 24.5 13.8 8.9 1.8 20.5 24.3 17.2 3.8 
12 20.3 28.3 18.1 8.0 2.2 22.8 31.5 19. 2 8.7 
19.6 27.0 15.8 7.4 3.8 22.6 26.5 19.l 3.9 
13 7.4 27.3 5.6 19.9 1.8 11.9 27.8 7.2 15.9 
Mean 15.2 28.0 12.6 12.7 2.6 18.1 29.8 15. 3 11. 7 
Standard 
Error +0.6 +l. 7 +o. 7 +1.8 +0.4 +0.5 +1.4 +0.7 +1.5 
R 
v 
4.1 
1. 3 
1. 7 
2.8 
3.3 
3.6 
3.5 
4.7 
3.1 
+0.4 
~ 
I 
I-' 
~ 
-..J 
APPENDIX: TABLE IIB 
FILTRATION: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation p p p R R p p p R 
c. a v a v c. a v a 
l. l. 
1 16.4 48.5 2.7 32.l 13. 7 18.7 45.3 11.2 26.6 
12.8 42.8 5.3 30.0 7.5 18.7 43.5 11.2 24.8 
2 14.0 27.5 12.6 13.5 1.4 16.4 42.5 14.l 26.l 
3 16.4 22.3 14.9 5.9 1.5 20.4 24.2 18.l 4.2 
16.2 22.3 15.5 6.1 0.7 18.3 21.8 16.6 3.5 
4 15.0 28.8 13.6 13.8 1.4 18.9 30.3 15.6 11.4 
17.0 29.8 15.2 12.8 1.8 19. 2 29.5 15.6 10.3 
5 23.4 28.3 21.2 4.9 2.2 20.2 28.8 18.8 8.6 
6 23.4 32.0 19.9 8.6 3.5 18.6 38.5 17.6 19.9 
7 16.3 17.0 15.6 0.7 0.7 19.2 26.0 18.7 6.8 
8 20.5 40.8 16.1 20.3 4.4 22.9 36.8 17.8 13.9 
\ 
R 
v 
7.5 
7.5 
2~3 
2.3 
1. 7 
3.3 
3.6 
1.4 
1.0 
0.5 
5.1 
Amount Filtered 
per 
100 gm Tissue 
3.6 
1.4 
2.2 
2.9 
4.8 
3.1 
4.3 
2.3 
)I 
I 
.... 
~ 
co 
APPENDIX: _TABLE IIB (continued} 
FILTRATION: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation p p p R R p p p R 
C, a v a v C, a v a 
]. ]. 
9 20.l 23.0 18.0 2.9 2.1 20.4 24.8 19.2 4.1 
19.8 22.3 18.8 2.5 1.0 25.0 27.3 22.9 2.3 
10 18.0 25.5 16.4 7.5 1.6 21.0 23.8 18.9 2.8 
11 19.2 22.0 17.9 2.8 1.3 22.2 23.0 18.6 0.8 
19.l 23.3 16.5 4.2 2.6 22.5 25.5 19.9 3.0 
12 17.8 28.8 16.3 11.0 1.5 22.0 30.8 20.3 8.8 
13 13.1 35.0 9.0 21.9 4.1 16.8 33.5 15. 7 16. 7 
12.8 33.0 10. 7 20.2 2.1 15.7 33.5 12.4 17.8 
Mean 17.4 29.l 14.5 11. 7 2.9 19.8 31.0 17.0 11.2 
Standard 
Error +o. 7 +1.9 +1.1 +0.7 +0.7 +o.5 +1. 7 +0.7 +1.9 
R 
v 
1.2 
2.1 
2.1 
3.4 
2.6 
1. 7 
1.1 
3.3 
2.8 
+0.4 
Amount Filtered 
per 
100 gm Tissue 
1.4 
1. 7 
0.5 
1.9 
2.6 
2.5 
+0.3 
:r 
..... 
.ta. 
l.O 
APPENDIX: TABLE IIC 
KCN: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation p p p R R p p p 
c. v a v a c. v a J. J. 
1 17.0 6.3 40.l 10. 7 23.l 17.9 8.6 41.2 
17.5 11.0 40.6 6.5 23.1 17.0 11.5 31.4 
2 16.4 15.0 27.5 1.4 11.1 18.3 16.l 26.8 
16.8 15.8 21.5 1.0 4.7 16.8 15.3 23.4 
3 18.0 15.8 23.0 2.2 9.7 19.0 16.8 21.4 
18.5 16.1 22.0 2.4 3.5 18.9 16.6 22.6 
4 17.8 16.0 25.6 1.8 7.8 19.6 18.3 25.2 
5 24.5 24.0 25.4 0.5 0.9 22.0 21.8 25.3 
22.5 20.2 24.8 2.3 2.3 23.6 21. 7 24.6 
6 18.6 17.9 22.4 0.7 3.8 18.3 17.2 22.3 
19.6 19. 2 22.6 0.4 3.0 18.6 17.4 21. 0 
7 17.8 15.8 22.0 2.0 4.2 18.0 17.5 28.3 
R 
v 
9.3 
5.5 
2.2 
1.5 
2.2 
2.3 
1.3 
0.2 
1.9 
1.1 
1.2 
o.s 
R 
a 
23.3 
22.4 
8.5 
6.6 
2.4 
3.7 
5.6 
3.3 
1.0 
4.0 
2.4 
10.3 
> I 
1-J 
U1 
0 
Preparation p 
c. 
1 
8 9.5 
21.l 
9 21.l 
10 22.9 
11 34.0 
20.9 
12 19.0 
13 13.l 
Mean 19. 3 
Standard 
Error +0.6 
APPENDIX: TABLE IIC (continued) 
KCN: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
p p R R p p p R 
v a v a c. v a v 
1 
18.8 26.0 0.7 6.5 19.9 18.9 24.2 1.0 
20.3 26.0 0.8 4.9 21.l 19.2 23.6 1.9 
20.l 25.0 1.0 3.9 21.8 20.7 25.0 1. 7 
20.6 30.4 2.3 7.5 22.0 16.8 24.6 5.2 
20.6 23.5 2.4 0.5 18.6 17.4 22.9 1.2 
19.6 21.2 1.3 0.3 22.7 20.6 24.5 2.1 
15.2 43.5 3.8 24.5 18.8 15.6 44.2 3.2 
10.0 54.0 3.1 40.9 14.3 11.8 52.0 2.5 
16.9 28.4 2.4 9.3 19.4 17.0 28.l 2.4 
+0.9 +2.0 +o.5 +2.3 +0.5 +0.7 +1.9 +0.5 
R 
a 
4.3 
2.5 
3.2 
2.6 
4.3 
1.8 
25.4 
37.7 
a.a 
+2.3 
)I 
I 
.... 
VI 
.... 
APPENDIX: TABLE IIIA 
UNTREATED: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation Pei Pa Pv Ra Rv Pei Pa Pv Ra 
1 13.4 24.8 11. 3 11.4 2.1 16.l 31.3 12.9 15.2 
11.0 23.5 7.7 12.5 3.3 15.0 27.8 11.8 12.8 
2 15.8 18.8 14.9 3.0 0.9 19. 7 25.0 18.4 5.3 
16.l 21.3 15.2 5.2 0.9 19.2 22.8 17.5 3.6 
3 20.4 28.3 18.l 8.0 2.2 22.8 31.5 19.2 8.7 
19.6 27.0 15.8 7.4 3.8 22.6 26.5 19.l 3.9 
4 7.4 27.3 5.6 19.9 1.8 11.9 27.8 7.2 15.9 
Mean 14.8 24.4 12.7 9.6 2.1 18.l 27.5 15.7 9.3 
Standard 
Error +1.6 +1.3 +l. 7 +2.1 +0.3 +1.5 +1.2 +2.0 +l. 7 
Rv 
3.2 
3.2 
1.3 
1.7 
3.6 
3.5 
4.7 
3.0 
+o.5 
)::I 
I 
I-' 
U1 
"" 
APPENDIX: TABLE IIIB 
FILTRATION #1: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation p p p R R p p p R 
c. a v a v c. a v a 
l. l. 
' 1 14.0 27.5 12.6 13.5 1.4 16.4 42.5 14.1 26.l 
2 20.1 23.0 18.0 2.9 2.1 20.4 24.8 19.2 4.1 
19.8 22.3 18.8 2.5 1. 0 25.0 27.3 22.9 2.3 
3 17.8 28.8 16.3 11.0 1.5 22.0 30.8 20.3 8.8 
4 13.l 35.0 9.0 21.9 4.1 16.8 33.5 15.7 16.7 
12.8 33.0 10.7 20.2 2.1 15.7 33.5 12.4 17.8 
Mean 16.3 28.3 14.2 12.0 2.0 19.4 32.1 17.4 12.6 
Standard 
Error +1.4 +2.1 +1.6 +3.4 +o.5 +1.5 +2.5 +3.7 +1.6 
R 
v 
2.3 
1.2 
2.1 
1. 7 
1.1 
3.3 
2.0 
+0.3 
Amount Filtered 
per 
100 gm Tissue 
1.4 
1.4 
1.9 
2.6 
1.8 
+0.3 
> I 
..... 
U1 
w 
APPENDIX: TABLE IIIC 
FILTRATION #2: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
Preparation p p p R R p p p R 
c. a v a v c. a v a 
J. J. 
1 14.9 31.0 12.6 16.l 2.3 18.0 35.3 15.7 17.3 
2 19.0 25.7 17.5 6.7 1.5 21.0 25.0 19.9 4.0 
3 23.0 36.8 21.8 13.8 1.2 28.4 37.3 25.2 8.9 
4 16.7 59.8 12.5 43 .1 4.2 19.7 55.0 15. 7 35.3 
15.0 51. 3 11.6 36.3 3.4 20.0 49.5 14.4 29.5 
Mean 17.7 40.9 15.2 23.2 2.5 21.4 40.4 18.2 19.0 
Standard 
Error +1.5 +5.9 +1.9 +6.7 +0.6 +1.8 +5.3 +2.1 +6.0 
R 
v 
2.3 
1.1 
3.2 
4.0 
5.6 
3.2 
+0.7 
Amount Filtered 
per 
100 gm Tissue 
3.2 
1.5 
2.2 
1.8 
2.2 
+0.4 
> I 
,...... 
U1 
.i:o. 
Preparation p 
c. 
l. 
1 16.4 
16.8 
2 18.6 
19.6 
3 19.0 
4 13.1 
Mean 17.3 
Standard 
Error +1.3 
APPENDIX: TABLE IIID 
KCN: ARTERIAL AND VENOUS PARAMETERS 
A,V Sequence V,A Sequence 
p p R R p p p R 
a v a v c. a v a 
J. 
27.5 15.0 11.l 1.4 18.3 26.8 16.l 8.5 
21.5 15.8 4.7 1.0 16.8 23.4 15.3 6.6 
22.4 17. 9 3.8 0.7 18.3 22.3 17.2 4.0 
22.6 19.2 3.0 0.4 18.6 21.0 17.4 2.4 
43.5 15.2 24.5 3.8 18.8 44.2 15.6 25.4 
54.0 10.0 40.9 3.1 14.3 52.0 11.8 37.7 
34.3 17.0 15.2 2.1 18.0 34.3 16.4 15.9 
+6.3 +o. 7 +1.6 +0.6 +1.2 +5.9 +1.4 +1.4 
R 
v 
2.2 
1.5 
1.1 
1.2 
3.2 
2.5 
2.1 
+0.4 
> I 
I-' 
Ul 
Ul 
• 
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